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PARTE PRIMA 


Parole di saluto. 


DI 


. A. GREPPI. 


Sindaco di Varenna 


A Voi tutti qui convenuti, Autorità, Scienziati illustri, Giovani desiderosi 


di indagare i più riposti ed alti misteri della Natura, Signore gentili, Signori, 
giunga il più cordiale benvenuto da parte di Varenna tutta. 


| Varenna è veramente lieta ed orgogliosa di essere stata scelta per questo 
convegno di studi di Fisica; e all’offerta naturale della severa bellezza e della 
tranquilla quiete del luogo, racchiuso a specchio del Lago da impareggiabile 


_ eerchia di monti, ha voluto aggiungere, nel suo piccolo, tutto il suo contributo. 
. finanziario all’impresa promossa dalla Società Italiana di Fisica. 


Ed ora formula l’augurio vivo e cordiale che gli studi, che in questa Villa 
verranno compiuti, siano proficui non solo perchè nuove conquiste del sapere 
umano si compiano, ma anche perchè quei legami personali, che si costitui- 
ranno certamente tra i convenuti di nazioni diverse, valgano, per la loro 
parte, a consolidare vieppiù l'amicizia tra i popoli, unica mèta cui deve ten- 
dere l’umanità desiderosa del bene comune. i 


DEA, 


SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 2, .1954 


Allocuzione augurale. 


DI 


G. Bosisio 


Presidente dell Amministrazione Provinciale di Como 


Mi sento altamente onorato di rivolgere il fervido saluto augurale a nome 
della Provincia di Como alla Società Italiana di Fisica. Mi permetto conside- 
rarla ormai quasi innestata nella vita della nostra Provincia cui ha già dato 
lustro e decoro. 

Il Corso estivo di Fisica nucleare che oggi con la prolusione del suo diret- 
tore, l’illustre prof. PUPPI, solennemente s’inaugura, organizzato e predisposto 
con cura e tenace volontà dal chiarissimo prof. POLVANI, che Como considera 
amico e fratellato nel portare allori al grande suo concittadino, segna un’altra 
benemerenza scientifica della Società Italiana di Fisica tanto apprezzata anche 
all’ Estero. 

La sua indiscussa autorità ha richiamato l’appoggio degli eccelsi organi 
governativi, qui rappresentati dal sig. Viceprefetto, del nobile Consiglio Nazio- 
nale delle Ricerche col suo illustre Presidente S. E. prof. COLONNETTI, ai quali 
tutti la Provincia di Como esprime la sua viva riconoscenza. Viene pure estesa 
la sua gratitudine ai docenti ed ai partecipanti del Corso che hanno cortese- 
mente accolta l’ospitalità offerta dallo spettabile Istituto Nazionale di Idro- 
biologia « Marco De Marchi » in una delle più celebrate ville del nostro Lago. 

La Provincia dei Plini, del Volta e dello Stoppani non poteva, nè intende, 
rimanere insensibile a tutto quanto serve a rivelare i segreti della natura per 
captarne le innumerevoli forze e vibrazioni occulte e far sì che il greco 
to duoti divenisse il to dt, sicchè le sensazioni velate e impercettibili ai pro- 
fani divenissero patrimonio scientifico agli iniziati e tutti partecipassero diret- 
tamente e indirettamente a quanto di nuovo si svela e si ammannisce al desco 
del sapere. 

Con riverenza m’inchino di fronte ai docenti di fama mondiale, che hanno 
aderito all’invito di comunicare il loro sapere, non gelosamente conseguito e 
custodito solo per loro, ma per la collettività, e plaudo agli studiosi convenuti 
che vengono ritenuti speranze e promesse di nuove affermazioni. 
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Gli uni e gli altri sono strumenti della Provvidenza perchè l’onnipotenza 
divina possa meglio e più doviziosamente apparire e manifestarsi nelle con- 
quiste come sfavillanti scintille della sapienza increata. 

Con fiducia, a Voi docenti, a Voi studiosi e a Voi cultori di Fisica chie- 
diamo di farci conoscere «la stanza che i Fati ci diéro »; e con siffatta speranza, 
che è anche un augurio, la Provincia di Como, la quale confida, con l’appoggio 
degli Enti Statali e Provinciali, di dar forma duratura al cenacolo di studio 


di Villa Monastero di Varenna, partecipa con un senso di intima soddisfazione 
a questa splendida realizzazione. 


Con cuore aperto il benvenuto ! 


SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 2, 1954 


Voeux exprimés au nom de l’ÉEcole d’Eté 
de Physique Théorique des Houches. 


PAR 


MECZC SSD EVIL 
Directeur de l’ École d’ Hté des Houches 


Je viens vous apporter les veux de vos camarades de l’École d’Été de 
Physique Théorique de 1’ Université de Grenoble. Nous espérons que des 
contacts s’établiront nombreux entre les deux Ecoles. Sil est nécessaire que 
la Physique théorique et la Physique expérimentale aient leur existence auto- 
nome — lune ne peut étre au service de l’autre —, il n’y a pas de cloison 
étanche entre ces deux manières d’explorer le phénomène physique. Ainsi, 
nous sommes trés heureux d’accueillir aux Houches des expérimentateurs, qui 
interrompent leurs recherches pendant deux mois afin d’apprendre le formalisme 
théorique. Kt de méme, nous sommes très heureux de penser qu’il existe 
maintenant une École d’été de physique expérimentale où nous pourrons ap- 
prendre l’essence des méthodes et des possibilités expérimentales. Cette con- 
naissance des méthodes expérimentales nous est particuliérement nécessaire 
dans l’étude des rayons cosmiques où les phénoménes sont souvent classés 
non d’après leur réalité physique — tous, nous l’ignorons encore!... —, mais 
d’après leurs modes d’observation. 

Au-delà de notre intérét personnel, nous avions appris avec beaucoup de 
joie le projet de création de l’Ecole Internationale de Physique, qui rendrait 
tant de services à tous les jeunes chercheurs et professeurs qui veulent ap- 
prendre les développements modernes de la Physique expérimentale. Nous 
avons appris avec encore plus de joie que ce projet était sorti, gràce aux efforts 
et a la ténacité de M. le Professeur POLVANI, de la première phase admini- 
strative pour entrer dans une phase de travail effectif. 

Il n’existait pas d’Ecole d’Été de Physique expérimentale et cette forme 
d’enseignement, a l’avant-garde de l’enseignement universitaire, est fort utile 
dans les branches qui évoluent rapidement. Les physiciens trouveront ici la 
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SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO 
Ì 


Discorso inaugurale. 


DI 


G. POLVANI 


Presidente della Società Italiana di Fisica 


Per tracciare l’origine di questa Scuola Internazionale di Fisica, che qui a 
Varenna oggi s'inaugura con questo primo Corso estivo, debbo vrendere le 
mosse da alcuni colloqui che ebbi alla fine dell’inverno 1951 e ai primi della 
primavera 1952 col dott. CARLO BACCARINI, Direttore amministrativo dell’ Uni- 
versità di Milano e Commissario governativo dell’Istituto Nazionale d’Idrobio- 
logia « Marco De Marchi» di Pallanza, e col dott. GruLIo GIULIANI, Direttore 
dell’Ente Provinciale per il Turismo di Como. 

In quei colloqui, considerandosi l'eventualità di adibire la Villa Monastero 
di Varenna a Corsi universitari, ebbi a proporre se non potesse nella Villa 
essere organizzato, dalla Società Italiana di Fisica, un Corso internazionale 
di Fisica del tipo di quelli che all’estero da anni sono in voga. L’idea covò 
per mesi e mesi negli animi e nella mente di ciascuno di noi. Ed è da pensare 
che la difficoltà massima subito apparsa paurosamente ostacolante l’inizia- 
tiva — quella cioè di costituire, movendo dal nulla, un adeguato finanzia- 
mento — non spaventasse troppo gli amici comaschi, particolarmente il 
dott. GIULIANI, fedele e prezioso collaboratore, perchè nel passato autunno 
mi vidi inaspettata arrivare una lettera del Presidente dell’Ente Provinciale 
per il Turismo di Como, comm. GiusEPPE MOLTENI, il quale mi comunicava 
che l’idea di un siffatto Corso internazionale a Varenna interessava moltis- 
simo l’Ente stesso e che questo era pronto, per la sua parte, a finanziare Vim- 
presa, per la quale pensava del resto non dovere essere impossibile trovare 
a Como altri disposti all’aiuto. 

Come succede in siffatte cose, questa felice e animosa deliberazione e questa 
esortazione del Presidente dell’Ente Provinciale per il Turismo, furono per 
così dire il germe di cristallizzazione dell'impresa, intorno al quale si accu- 
mularono adagio adagio, ma incessantemente, mezzi e consensi. 

E mentre il Direttore dell’Istituto Nazionale d’Idrobiologia, prof. VirTORIO 
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TONOLLI, si dichiarava ben lieto di cedere l’uso della villa per la nostra inizia- 
tiva; mentre il Consiglio della Società Italiana di Fisica, al quale avevo sotto- 
posto la proposta del Corso, accoglieva questa con grande favore, esortandomi 
a far tutto il possibile per l’attuazione, e del Corso fissava il tema nelle questioni 
inerenti la rivelazione delle particelle elementari con particolare riguardo alla 
radiazione cosmica; mentre il dott. BACCARINI ed io stesso interessavamo per 


il finanziamento dell’iniziativa il Ministero della Pubblica Istruzione e il Con- ‘ 


siglio Nazionale delle Ricerche; i Comaschi da parte loro non stavano inoperosi 
e in riunioni, promosse e presiedute dall’avv. GIBERTO Bosisio, Presidente 
della Provincia di Como, deliberavano i primi aiuti finanziari. Prospettata 
inoltre la questione all’Eccellenza il Prefetto di Como, dott. MARIO GAIA, 
questi ci assicurava tutto il suo forte appoggio morale e materiale; e, poco 
dopo, quest’opera di coacervamento di mezzi e di consensi si completava con 


i cospicui contributi assegnati dal Ministero della Pubblica Istruzione e dal. 


Comitato per la Fisica del Consiglio Nazionale delle Ricerche e, ambitissima, 
giungeva infine la deliberazione presa da Sua Eccellenza il Ministro ANTONIO 
SEGNI e da Sua Eccellenza il prof. GUSTAVO COLONNETTI, Presidente del Con- 
siglio Nazionale delle Ricerche, di porre l’iniziativa sotto gli auspici del Mini- 
stero della Pubblica Istruzione e del Consiglio stesso. 

A tutti coloro che ho nominato giungano i ringraziamenti più vivi e le 
espressioni di riconoscenza più profonde della Società Italiana di Fisica per 
quanto essi hanno fatto per l’attuazione di questo Corso. Ma mancherei ad 
elementari norme di cortesia e tradirei i miei sentimenti se non ricordassi anche, 
con uguale senso di gratitudine e senza differenze di graduazione, tutti gli 
altri, enti e persone, che ci hanno aiutato in questo decisivo inizio fiduciario 
di consolidamento morale e materiale della nostra impresa: anzitutto l Ammi- 
nistrazione Provinciale di Como, i Comuni di Como, Lecco, Varenna, 1’ Uni- 
versità di Milano, la Camera di Commercio di Como, la Cassa di Risparmio 
delle Province Lombarde, l'Azienda autonoma di Soggiorno di Lecco, la So- 
cietà Manifatture del Seveso di Milano, la Società Condor di Rho, la Società 
Moto Guzzi di Mandello del Lario; e, passando dagli enti alle persone, oltre 
a tutte quelle sopra nominate, il prof. on. GrusePPE MENOTTI DE FRANCESCO, 
Rettore Magnifico dell’Università di Milano, il comm. GIUSEPPE PETROCCHI 
e il comm. ATTILIO FRAIESE, Direttori generali rispettivamente dell’Istruzione 
superiore e degli Scambi culturali con l'Estero, il prof. ELIGIO PERUOCA, Presi- 
dente del Comitato per la Fisica del C.N.R., il comm. ANTONIO MORELLI, Segre- 
tario generale del C.N.R., il comm. PAOLO PIADENE, l’on. prof. UGO BARTESANI, 
il signor ANTONIO GREPPI, Sindaci rispettivamente di Como, Lecco, Varenna, 
Von. FrLippo OSTINELLI, Presidente della Camera di Commercio di Como, il 
rag. Stuvio GALBIATI, Direttore della Sede di Como della Cassa di Risparmio 
delle Province Lombarde, l’ing. Przro AMIGONI, Presidente dell’Unione Indu- 
striali Lecchesi, l’ing. VASCO ZOCCOLINI, Direttore della Sede di Lecco della 
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Società Orobia, Ving. MARIO FIACCHETTI, Capo del Compartimento di Milano 
delle Ferrovie di Stato, l’ing. MARIO MORTARA, Amministratore Delegato della 
Società Condor, il sig. COSTANTINO Froccut, Presidente dell’ Azienda Autonoma 
di Soggiorno di Lecco, il dott. ENRICO PARODI e l’ing. GERARDO BONELLI, 
il comm. GrusePPE Mosca, Presidente delle Manifatture di Seveso, e infine 
ling. EUGENIO SOMAINI di Lomazzo sempre munificamente presente all’ap- 
pello quando si tratti di aiutare gli studi di Fisica in Italia. 


L'iniziativa nostra sarebbe però restata lettera morta senza il prezioso 
concorso di scienziati qualificati nelle questioni del Corso, i quali si sobbarcas- 
sero a tenere le lezioni, le conferenze, i seminari, le esercitazioni. A tal propo- 
sito debbo ricordare e profondamente ringraziare anzitutto il prof. P. M.S. 
BLACKETT dell’Università di Manchester e il prof. C. F. PowELL dell’ Univer- 
sità di Bristol, entrambi Premi Nobel, i quali, «con entusiasmo » — è la loro 
espressione —, hanno accolto la richiesta di assumersi gli insegnamenti fonda- 
mentali del Corso; e con loro debbo ricordare anche e ringraziare vivamente 
tutti gli altri docenti: il prof. H. ALFVÉN dell’Università di Stoccolma, il prof. 
F. G. HouTERMANS dell’Università di Berna, il prof. S. F. SINGER, attaché 
scientifico dell’ Ambasciata Americana a Londra, il dott. K. H. BARKER della 
Università di Manchester, il dott. E. H. S. BuRrHoP dell’University College 
di Londra, il dott. Y. GoLDSCHMIDT-CLERMONT del C.E.R.N. a Zurigo, il 
dott. J. A. NEwTH dell’Università di Manchester, il dott. Ch. PEyrou de 
l’École Polytechnique di Parigi e, tra gli italiani, il prof. E. AMALDI dell’Uni- 
versità di Roma, il prof. G. OccHIALINI dell’Università di Milano, il prof. 
G. Puppt dell’Università di Bologna, i quali tutti si avvicenderanno tra loro 


‘sulla cattedra e nelle discussioni con gli allievi. Ed altri fisici si aggiunge- 


ranno ancora a questa già lunga lista di docenti. Ai quali tutti, a nome della 
Società Italiana di Fisica, a nome del Consiglio di questa, di me personal- 
mente e, sicuro d’interpretare i sentimenti degli allievi, anche a nome di 
questi, io porgo il ringraziamento più vivo e profondo per la loro collabo- 
razione, aggiungendo una particolare espressione di gratitudine per il prof. 
PuPPI, incaricato dal Consiglio di Società della Direzione del Corso, per tutto 
quanto egli ha già fatto con grande alacrità, perizia e saggezza e per quanto 
si accinge a fare, con le medesime qualità, certo, per la migliore riuscita del 
corso stesso. 

E sempre in discorso di ringraziamenti non debbo dimenticare di rivolgerne 
dei più vivi al Rettore dell’Università di Milano, ai Direttori e ai Professori 
degli Istituti di Fisica delle Università di Milano e di Padova per gli aiuti dati 
in oggetti di ufficio e in suppellettili di scuola e di laboratorio, agli antichi 
amici, fratelli GIANFRANCO e ITALO KORISTKA per aver voluto mettere a dispo- 
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sizione ben tre nuovissimi microscopi costruiti dalla loro ditta e forniti di tutti 
gli accessori necessari al più fine ed esigente esame delle emulsioni nucleari, 
e ancora al conte ing. BRUNO ANTONIO QUINTAVALLE, Presidente della Ra- 
diomarelli, per aver dotato la Scuola di un bellissimo radiogrammofono. 

E passando infine a parlare degli allievi del Corso, dirò che il numero di 
essi, da venti, venticinque, quanti era stato progettato di accogliere, è stato 
portato a trentasei per sodisfare l’insistente richiesta dei colleghi italiani: 
nonostante le gravi difficoltà, abbiamo tuttavia voluto accettare questo aumento, 
vincendo le preoccupazioni con la lietezza del corrispondere al desiderio altrui. 

Gli allievi sono quanto mai diversi nel grado della loro preparazione speci- 
fica nelle questioni oggetto del Corso: si va infatti da chi da anni si è dedi- 
cato a simili studi raggiungendo elevata competenza, testimoniata da lavori 
già pubblicati, a chi è appena appena iniziato a simili studi. Ma questa etero- 
geneità, anzichè danneggiare la compagine del Corso, ne favorisce — credo — 
la saldezza, permettendo tutta una gamma di competenze e di legami tra l’alta 
perizia dei maestri e la iniziazione delle reclute. 

Vogliate permettermi di presentarvi questi nostri cari giovani scienziati : 
J. AMBROSEN (Danimarca), P. BAxTER (Inghilterra), R. CHASTEL (Francia), 
J. CLARKE (Inghilterra), A. ENGLER (Romania), P. E. FrANcOIS (Inghilterra), 
M. GAILLAUD (Svizzera), K. GOTTSTEIN (Germania), D. HIRSCHBERG (Polonia), 
P. IREDALE (Inghilterra), D. Moreno (Chile), H. OvERAAS (Norvegia), E. 
ROssLE (Germania), P. RoTHWwELL (Inghilterra), J. RULING-PoHL (Austria), 
R. SALMERON (Brasile), L. vAN Rossum (Germania), L. VIGNERON (Francia), 
C. J. WADDINGTON (Inghilterra), G. T. Zorn (Oklahoma, U.S.A.) e ancora 
L. ALLEGRETTI, G. BERTOLINO, G. CorTINI, M. DELLA Corte, M. DI CORATO, 
C. M. GARELLI, B. LOCATELLI, A. Loria, E. MANARESI, A. MANFREDINI, M. 
MERLIN, E. MoRASCHINELLI, G. MIGNONE, G. Tomasini (Italia). 

È verosimile che durante il Corso altri allievi occasionali si aggiungeranno 
a questi che ho nominati. 


* OK OK 


E ora, rivolgendo infine ai nostri ospiti della Villa la preghiera di volere 
scusare se qualche servizio non sarà così a punto come sarebbe desiderabile 
che fosse; porgendo a tutti i partecipanti a questo Corso il più eordiale ben- 
venuto della Società Italiana di Fisica, e a tutti quelli qui convenuti per questa 
inaugurazione — Autorità, rappresentanze, sovvenzionatori, cultori di Fisica, 
amici, simpatizzanti, tra cui la signora CeciLE DE WITT, organizzatrice della 
Scuola internazionale estiva di Fisica teorica alle Houches, venuta a posta, 
non ostante lo sciopero in Francia, a Varenna per il battesimo della neonata 
consorella —; porgendo, dico, il ringraziamento più vivo per il consenso una- 
nime dato alla nostra iniziativa, io potrei chiudere il mio discorso e cedere 
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la parola al collega professor PUPPI; ma vogliate permettermi che ancora un mo- 
mento io profitti della vostra cortesia per rispondere a una domanda che tacita 
a molti di voi è venuta certo alla mente, e da altri mi è stata esplicitamente 
formulata: l’anno prossimo, anzi gli anni prossimi la Scuola Internazionale 
di Fisica della Società Italiana di Fisica, riaprirà i battenti, organizzando 
nuovi corsi di Fisica? 

La decisione è rimessa al nuovo Presidente e al nuovo Consiglio di Società, 
essendo gli attuali, con la fine dell’anno, alla fine del loro mandato triennale. 
Personalmente ritengo tuttavia che il nuovo Presidente e il nuovo Consiglio 
non poiranno non considerare senza estremo interesse e favore, non ostante 
le difficoltà e la fatica che accompagnano una siffatta attività, il ripetersi 
di essa. 

Ma vi ha di più e di meglio. E ciò posso esprimere, se, parlando al di fuori 
della Società Italiana di Fisica, pongo a mia volta la seguente domanda: 
perchè limitare questa attività alla Fisica? Perchè non costituire un ente, una 
associazione, una fondazione — che so io? — che si ponga il compito della 
organizzazione o meglio di assegnare a enti specificamente competenti l’orga- 
nizzazione, in questa Villa e ogni anno, di più corsi internazionali di studi speci- 
fici di alta intonazione, di scienza, di lettere, di arte, di discipline applicative? 

Maraviglioso è il luogo, ferse il più bello del Lago; temperato il clima; 
facili le comunicazioni internazionali; ospitale il paese; accogliente e disten- 
sivo il parco della Villa; capace questa stessa, anche se oggi non ancora del 
tutto funzionalmente adattata, non ostante i molti lavori fattivi; utilizzabili ed 
utilissimi allo stesso scopo gli altri edifici annessi alla Villa; non eccessivo 
l’onere finanziario...: tutto dunque appare favorevole alla proposta. 

E se considero che essa, prospettata ad amici e colleghi, a direttori gene- 
rali dei ministeri, ad artisti e a giuristi, a capi di grandi industrie, ha riscosso 
da costoro l’approvazione, espressa col proporre chi un corso internazionale 
di studi sul Manzoni (non per nulla di qui si distacca il famoso «ramo del lago 
di Como »), chi sul raffinamento del petrolio, chi su alcuni problemi di alta 
matematica o di scienza delle costruzioni, chi di Economica, chi sulla orga- 
nizzazione degli istituti d’insegnamento medio e superiore, o sulla storia della 
musica, o sul diritto penale,... debbo concludere che alcunchè di essenzial- 
mente buono deve essere in questa proposta di allargamento della nascente 
attività culturale appoggiata a Villa Monastero. 

E debbo rendere merito e grazie al Presidente della Provincia di Como, 
avv. BOSsISIO, e ai suoi collaboratori, per avere essi fatta propria — come 
del resto avete sentito dalla sua stessa voce — questa proposta e deliberato 
di volerla presto e con estremo favore considerare per l’attuazione. 

Il Corso di quest'anno diviene quindi una specie di prova generale di un 
più ampio e vasto programma. 
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Prolusione. 


DI 
G. PUPPI 


Direttore del Corso 


La Fisica dei raggi cosmici 
quale Fisica delle particelle elementari. 


La Fisica dei raggi cosmici ha rappresentato, negli ultimi decenni, la pat- 
tuglia di punta della Scienza naturale, polarizzando attorno a sè l’attenzione: 
di gran parte della migliore ricerca mondiale: ed ancor oggi, mentre grandi 
macchine acceleratrici di particelle funzionano in tutto il mondo, la Fisica dei 
raggi cosmici serba il suo posto avanzato, perchè in essa sono presenti i feno- 
meni di tutte le energie, anche di quelle così elevate che la nostra attuale fan- 
tasia non crede si potranno mai riprodurre con sorgenti terrestri. È questa. 
completezza di passaggio, che, nonostante le difficoltà di rivelazione e di misu- 
razione, dovute sostanzialmente alla scarsa frequenza degli eventi, costituisce: 
la caratteristica fondamentale e la ragione di perenne validità della Fisica dei 
raggi cosmici. 

Si può ben dire che in ogni capitolo della Scienza naturale, indagando pro- 
fondamente, si ritrova tutta la Scienza naturale, ma questo fatto in nessun 
caso è così evidente ed impressivo come nella Fisica dei raggi cosmici. i 

Agli inizi sembrava che una sola domanda racchiudesse tutto l’interesse: 
per i nuovi fenomeni; e cioè quale fosse la natura di questa radiazione, pre- 
sente nell’atmosfera, aumentante di intensità con l’altitudine e quindi di pre- 
sumibile provenienza extraterrestre. Da allora molto cammino è stato per- 
corso ed ora sappiamo molte cose sui raggi cosmici. Sappiamo che la radia- 
zione presente nella media e bassa atmosfera è sostanzialmente di natura dif- 
ferente dalla radiazione primaria che giunge al limite della atmosfera, pro- 
veniente dal difuori; e conosciamo abbastanza bene la relazione genetica tra. 
le due, cioè in quali processi e con quali modi la radiazione primaria genera, 
nelle collisioni contro i nuclei della atmosfera, la radiazione secondaria 0, meglio, 
le varie componenti secondarie. 
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La confidenza è tale che si arriva a fare persino dei bilanci energetici tra. 
la potenza in ingresso nella atmosfera, trasportata dalla primaria e la potenza. 
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dissipata lungo le varie catene di processi in cui le componenti secondarie 


| vengono create ed assorbite nella atmosfera e fin giù, sottoterra, a centinaia 
di metri di profondità. 

Bisogna dire, onestamente che a tutt’oggi i conti non tornano completa- 
mente; precisamente c’è un notevole disavanzo attivo, nel senso che la potenza. 
che arriva sembra superiore a quella dissipata nei vari modi. 

C'è però la convinzione che il modo di fare questi bilanci non sia sostan- 
zialmente errato e che ci manchi invece la conoscenza completa dei vari pro- 
cessi. Di qui è per voi facile comprendere quanta strada vi sia ancora da per- 
correre e quanti piccoli e grandi problemi attendano una risposta, 

Non ci sarà posto per questi problemi, alla nostra Scuola, quest’anno, 
attratti come siamo da questioni che riteniamo di carattere più fondamentale 
che non l’assetto soddisfacente di tutta la fenomenologia dei raggi cosmici 
nella atmosfera. La nostra attenzione sarà invece in parte rivolta alla radia- 
zione primaria. Di essa conosciamo con buona approssimazione la composi- 
zione in protoni, elioni e nuclei nudi di elementi di vario numero atomico, la. 
intensità, lo spettro energetico, e pur tuttavia comprendiamo di essere appena 
agli inizi di un periodo di studi e di esperienze, estremamente interessanti ed 
affascinanti, che ci porterà addentro al problema dell’origine di questa radia- 
zione che investe la Terra da ogni parte provenendo dagli spazi interstellari. 

Dall’esame delle sue variazioni sistematiche nel tempo, delle sue varia- 
zioni accidentali in correlazione con le attività solari, della sua esatta compo- 
sizione e della forma esatta dello spettro energetico, si spera di trovare la. 
risposta ai più grossi interrogativi. Un gruppo delle lezioni del Corso di 
quest'anno è dedicato appunto a questi problemi, verso i quali si può fa- 
cilmente pronosticare un acutizzarsi dell’interesse dei ricercatori nei prossimi 
anni. 

Ma per venire più propriamente al mio tema, devo parlare di un altro 
aspetto della Fisica dei raggi cosmici che specialmente negli ultimi anni ha 
tenuto il posto principale, e cioè dello studio delle particelle elementari. 

La materia ordinaria, organizzata in nuclei, atomi e molecole, richiede per 
la sua descrizione, e per la descrizione delle sue modificazioni, alcune parti- 
celle ultime, poche in numero e precisamente: l’elettrone negativo, il protone, 
il neutrone, il fotone, il neutrino. Il quadro è abbastanza semplice e si presta. 
anche ad un ingegnoso tentativo di unificazione più spinto. Si può immagi- 
nare infatti che la materia attuale, quale appare dalla sua distribuzione media 
nell’universo, si sia formata da un fluido primevo di neutroni del quale i pro- 
toni, gli elettroni negativi e neutrini sono i prodotti di un processo di disin- 
tegrazione spontanea descritto dall’equazione: 


(1) N->P+Ht+e 4 v, 
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mentre i fotoni sono intimamente connessi con il comparire delle cariche elet- 
triche in movimento. Questo per quanto riguarda la costituzione. 

La descrizione meccanica ed elettrodinamica dei sistemi atomici, dopo aver 
dato non poca pena alla Fisica del primo novecento, ha infine trovato una sua 
soluzione soddisfacente nella Meccanica e nella Elettrodinamica quantistiche. 
Lo schema teorico anzi ha dato più del richiesto, perchè conteneva la descri- 
zione delle proprietà di una nuova particella: l’elettrone positivo, poi scoperto 
nei raggi cosmici. Ne descriveva anche la generazione in coppia con quello 
negativo ad opera dei fotoni; e l’annichilamento, sempre in coppia con quello 
negativo, con produzione di fotoni. È vanto dei primi tempi delle ricerche 
sui raggi cosmici lo studio approfondito e completo dei processi elettromagne- 
tici di grande energia, di quei processi cioè in cui si assiste appunto alla gene- 
razione e all’annichilamento delle coppie di elettroni, o alla generazione di 
fotoni per urto tra due cariche elettriche. Questi processi, unitamente a processi 
del tipo accennato all’inizio, hanno dimostrato chiaramente che il numero 
di particelle ultime non è affatto un invariante, una costante, ma che queste 
particelle possono essere prodotte ed annichilate con spesa o con guadagno 
di energia. Un esempio vistoso della non conservazione del numero delle parti- 
celle ultime è costituito da una cascata elettrofotonica, in cui da un elettrone 
o da un fotone primario di elevatissima energia hanno origine migliaia e milioni 
di elettroni e fotoni. I fotoni hanno massa a riposo nulla e il fatto che essi sieno 
prodotti, ed annichilati, in fondo, sia pure in termini differenti, era detto anche 
nella Fisica classica, solo che qui si parlava di onde elettromagnetiche emesse 
od assorbite dalle cariche. Ma gli elettroni sono particelle di massa a riposo 
diversa da zero, sono, per così dire, particelle materiali, e la loro produzione 
a spese puramente di energia poneva, anche qualitativamente, nuovamente 
l'istanza già avanzata dalla relatività ristretta molto prima che questi feno- 
meni fossero scoperti, della generalizzazione del principio di conservazione 
della energia in quello della conservazione di energia + massa, considerando 
che una massa a riposo M corrisponde ad una energia Mc’; ed energia a riposo 
ed energia di movimento si possono trasformare l’una nell’altra. Riprenderemo 
più avanti questo importante discorso. Voglio solo aggiungere che questi feno- 
meni che si svolgono tra elettroni e fotoni, cui ho testè accennato e che for- 
mano la Elettrodinamica delle alte energie, sono una specie di appendice alla 
Fisica degli atomi, di quella Fisica, cioè, che spiega come gli elettroni si muovono 
negli atomi, che spiega come fanno due atomi ad unirsi per formare una mole- 
cola, 0 come un atomo o una molecola emettano od assorbano della luce. 

In tutti questi casi le forze in gioco sono le stesse e sono forze elettriche, 
forze, cioè, che intervengono tra particelle cariche elettricamente. I fotoni sono 
legati intimamente alle cariche elettriche, perchè nella Elettrodinamica quanti- 
stica le forze che agiscono tra due cariche si possono considerare come dovute 
allo scambio reciproco di fotoni. 
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Ma nuovi e più sconcertanti fatti sono emersi dallo studio del nucleo, cioè 
di quel gruppetto di protoni e neutroni, variabile al variare dell’elemento, 
costipato in un volume di dimensioni estremamente piccole, in cui è pratica- 
mente concentrata tutta la massa dell’atomo. Qui le forze elettriche hanno 
una parte molto secondaria ed intervengono invece altre forze, di altra natura 
le forze nucleari. Il fotone è essenziale per descrivere il meccanismo delle e: 
elettriche; per descrivere quello delle forze nucleari è essenziale una nuova 
particella: il mesone. Due cariche elettriche interagiscono scambiandosi fotoni, 
due particelle nucleari interagiscono scambiandosi mesoni. 

I fotoni vengono generati quando due cariche elettriche si scontrano; i 
mesoni vengono generati quando due particelle nucleari si scontrano. Sembra 
semplice, il parallelo è molto allettante; ma quando si va a guardare dentro 
nel secondo caso si vede che il panorama è molto più complicato; non c’è un 
solo tipo di mesone, ve ne sono tanti, ed hanno strane proprietà. Tra tutti 


‘questi mesoni ce n’è uno, il mesone x, che ha più o meno le proprietà che ci si 


aspettava, perchè potesse sostenere la parte di responsabile delle forze nu- 
cleari, ma non è solo. 

Il lato eccitante della più recente Fisica dei raggi cosmici è costituito appunto 
dalla scoperta di questo nuovo microcosmo di mesoni, insospettato, che si è 


rivelato analizzando, con la lastra fotografica o con la camera di Wilson o con 


altri dispositivi meno immediati, il risultato di una collisione nucleare di grande 
‘energia. Ora, nell’esame di questi straordinari paesaggi e nel tentativo di descri- 
verli in termini semplici, i nostri concetti sulla elementarità delle particelle ul- 


time hanno subito delle modificazioni profonde eludendo, fino ad ora, ogni 


proposizione definitiva. Viceversa ci sono diventati straordinariamente familiari 
proposizioni e concetti che nella Fisica classica fondavano ia propria stabilità 
essenzialmente su base teorica. 

È così avvenuto che saremmo onestamente molto imbarazzati se doves- 


simo affermare che il protone è una particella elementare, o che abbiamo un 


modello soddisfacente dell’elettrone; invece abbiamo acquistato una grande 
dimestichezza con la dilatazione dei tempi, la contrazione delle lunghezze, la 
trasformazione di massa in energia ed in genere con tutte le conseguenze della 
relatività ristretta, con la nozione di spin, di spin isotopico, di parità e così via. 
Questa fiducia nelle conseguenze della relatività ristretta, che possiamo anno- 
verare tra le conquiste, oltre che di fatto, anche psicologiche e metodologiche 
della Fisica dei raggi cosmici, si è trasmessa ai costruttori di grandi macchine, 
alleati in parte, in parte rivali dei cosmicisti. 

Non vi starò ad enumerare e a descrivere tutte le particelle di cui si è stabi- 
lita o si sospetta la esistenza. Due gruppi di lezioni del nostro corso sono que- 
st’anno dedicati alla rivelazione di queste particelle. In essi verrà posto l’ac- 
cento in modo particolare sull’aspetto tecnico della rivelazione e fenomeno- 
logico delle proprietà e del modo di produzione, più che sui possibili tentativi 
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di interpretazione teorica. In questo senso noi consideriamo che il nostro Corso 
‘sia il necessario complemento a quello internazionale di Fisica teorica, che già 
da tre anni si svolge in Francia alle Houches. Ma in ogni ricercatore deve 
essere, ed è sempre presente, quale guida e sprone al ricercare l’istanza teorica, 
almeno quella fondamentale della semplicità, della completezza e della ade- 
guatezza della descrizione della natura. 

Vi dicevo dianzi che non parlerò in modo particolareggiato delle singole 
particelle ultime, antiche e nuove; dirò invece qualcosa del nostro modo di 
indagare, di come distinguiamo ed analizziamo. 

Abbiamo una lista di nomi e di proprietà, ma non abbiamo nessuna guida. 
per classificare le particelle ultime, nè alcuna teoria che ci dica se sono o non 
sono elementari; abbiamo solo dei criteri per distinguerle luna dall’aitra. 

Questi criteri hanno attualmente una loro gerarchia. Se, infatti, due parti- 
celle hanno massa a riposo differente, noi diciamo subito che sono due parti- 
celle distinte e ci affrettiamo a dare loro un nome. Se due particelle hanno la 
stessa massa, ma carica elettrica di segno differente, siamo inclini a dire che 
trattasi di varietà, differentemente cariche, della stessa particella. Le cose 
diventano ancora più preoccupanti quando le particelle hanno approssimati- 
vamente la stessa massa e probabilmente la stessa carica (come è opinione 
sia per un mesone t ed un mesone y), vita media scouosciuta e differi- 
scono per il modo di disintegrazione (l’uno disintegra in tre mesoni x, l’altro. 


in un mesone x); diciamo allora che sono particelle identiche ma con due. 


modi distinti di disintegrazione. Molto più in là non si riesce generalmente 
ad andare e quindi la distinzione si basa forzatamente sulle caratteristiche più 
immediate, quali massa e carica elettrica. Ma si può dubitare fortemente della 
fecondità delle classificazioni di questo tipo e chiedersi quanto di questo soprav- 
viverà in una futura teoria delle particelle elementari. 

Il modo di pensare rispetto alla carica elettrica trova una sua giustifica- 
zione nel fatto che la carica elettrica è un invariante in ogni processo ed è 
sempre multipla di una quantità elementare, e che, per gli elettroni almeno, 
esiste una teoria in cui quello positivo e quello negativo possono essere simul- 
taneamente e simmetricamente descritti come particella ed antiparticella e non 
come particelle distinte. Ma cosa dire a proposito della massa a riposo come 
criterio per distinguere due particelle elementari? Il criterio ha una sua vali- 


dità su base fenomenologica e strumentale, ma non sembra sufficiente per 


concludere nè sulla identità nè sulla diversità di due particelle elementari. 


Può darsi tutvavia che due particelle, che per differente massa attualmente: 


classifichiamo come due distinte particelle ultime, diventino due distinte parti- 
celle elementari per ragioni che attualmente ci sfuggono, e che conferiscono 


alla massa a riposo un significato particolare; ma potrebbe anche darsi che la. 


gerarchia citata iragga la sua consistenza dalla limitatezza della nostra fantasia 
in fatto di particelle elementari, costruitasi all’inizio sullo studio di corpi sem- 


À Sia 
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plici di masse differenti. Comunque è in base a questi criteri che si ha oggi una 
globale suddivisione delle particelle ultime in leptoni, mesoni, nucleoni, iperoni. 
L'ordine rispetta il criterio della massa crescente, e ciascun gruppo contiene vari 
tipi di particelle. 

Scordavo di dirvi, ma voi l’avrete certamente intuito, che tutte le nuove 
particelle, e cioè, i vari tipi di mesoni e di iperoni, sono state scoperte nei 
raggi cosmici. Vi devo dire i nomi degli studiosi o dei gruppi di studiosi che 
hanno scoperte queste particelle o che ne hanno studiato le proprietà? È 
una lista lunga che va da ANDERSON a BLACKETT, da POWELL a OCCHIALINI, 
da RocHESTER a O’CEALLAIGH, a Rossi e ancora e ancora. Molti di questi 
scienziati saranno alla nostra Scuola e si avvicenderanno su questa cattedra. 

Oltre alla massa e alla carica elettrica esistono altri caratteri distintivi per 
le particelle ultime, come lo spin ela parità intrinseca, su cui però purtroppo ab- 
biamo attualmente un panorama molto limitato, ma intuiamo che avranno un peso 
dominante nelle future definizioni di particelle elementari. È particolarmente 
interessante il grosso problema delle varie cariche possedute da queste parti- 
celle. Anche lasciando fuori discussione la questione. della « carica gravitazio- 
nale » possiamo tentare di dire che una particella possiede vari tipi di carica 
elettrica nucleare, ecc., ciascuna delle quali è responsabile di un particolare 
campo di forze, e quindi delle varie interazioni tra le particelle stesse. Così 
per i nucleoni, si possono definire almeno tre tipi di cariche; essi interagiscono 
cioè attraverso tre campi di forze di natura differente e ci sono anche delle 
curiose particolarità nei vari tipi di cariche. Purtroppo siamo appena agli inizi 
di questo modo di indagare le caratteristiche delle particelle ultime e non siamo 
neppur sicuri che la metodologia che usiamo, nella quale tutto si riduce a 
campi e sorgenti, sia valida oltre i confini della Elettrodinamica, entro i quali 
è stata costruita. 

Quadro pessimista? No; solo la franca confessione che la nostra fantasia 
è attualmente fondata su una-esperienza troppo limitata nel campo delle parti- 
celle ultime per permetterci di raggiungere risultati definitivi, e che esistono 
molte vie, e che dovremo tentarle un poco tutte, dato che non sapremo se una 
via è buona fino a quando non avremo visto dove conduce. Abbiamo si il sug- 
gerimento delle analogie; ma anche qui non sappiamo se esso. sia in effetti un 
aiuto o non piuttosto una remora, finchè non saremo arrivati alla fine, e non 
avremo contemplato queste cose da un punto di vista superiore. 

Oltre a distinguere le particelle siamo anche in grado di controllare le moda- 
lità di un processo di generazione, di annichilamento e di trasformazione (anche 
questi termini hanno un significato provvisorio, e potrebbero prestarsi ad una 
interessante discussione) attraverso i princìpi di conservazione. Se un urto 
molto energetico ha luogo tra due particelle, o se una particella si disintegra, 
è vero che manca una teoria che ci dica a priori cosa risulterà, però possiamo 
affermare che, qualunque sia il numero e il tipo delle particelle prodotte, le 
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modalità del processo debbono essere tali per cui si debbono conservare l’energia 
totale, la quantità di moto totale, la carica elettrica totale: in ogni processo 
che avvenga in un sistema isolato questi quattro princìpi di conservazione deb- 
bono essere soddisfatti. Si può ben dire che il progresso della Fisica delle parti- 
celle elementari è legata alla scoperta di altri princìpi di conservazione. Essi 
permettono una analisi intrinseca dei fenomeni, indipendente da ogni teoria, e 
quindi i risultati ottenuti sono in ogni caso definitivi. A proposito della carica 
elettrica, per i nucleoni, sembrerebbe opportuno sostituire il relativo principio 
di conservazione con uno più restrittivo di conservazione dello spin isotopico, 
dato che la ipotesi della sua conservazione, connessa con la indipendenza ri- 
spetto alla carica elettrica delle forze nucleari, si è rivelata più feconda di 
risultati che con quella della semplice conservazione della carica elettrica o 
anche della simmetria, rispetto alla carica elettrica, delle forze nucleari. 

Riassumendo, possiamo dire che, come la conoscenza delle particelle ele- 
mentari è sostanzialmente ridotta alla distinzione tra particella e particella, 
così la nostra conoscenza dei processi in cui le particelle vengono prodotte o 
annichilate o trasformate, non va molto più in là della suddetta analisi intrin- 
seca in base ai princìpi generali di conservazione. Dove una teoria c’è che 
descrive i processi, come nei fenomeni elettrodinamici, essa dà un elemento 
in più. In essa teoria, di carattere intrinsecamente statistico, come è di ogni 
teoria quantistica, entrano lo stato iniziale e lo stato finale del processo e se 
ne ricava la probabilità di transizione tra stato iniziale e stato finale compa- 
tibilmente con i princìpi di conservazione citati. Il meccanismo del processo 
non entra in questa descrizione, e là nostra tecnica di calcolo è fondata su certi 
«elementi di matrice » che assomigliano molto a delle cabine di trasformazione 
sigillate, inserite in una rete elettrica, con certe entraie e certe uscite. Niente 
altro sappiamo, nè possiamo dire; il costruttore non ci ha ancora rivelato il 
segreto di queste cabine, se pure un segreto vi è nel senso in cui attualmente 
potremmo essere portati a fantasticare. 

Su un ultimo punto di notevole importanza desidero richiamare la vostra at- 
tenzione. Ho detto dianzi che il numero delle particelle ultime certe o probabili 
sopravanza largamente tutte le: previsioni che si erano fatte; invece di un 
tipo di mesone ne sono stati scoperti molti e non si sa quando la lista termi- 
nerà. Viceversa una circostanza ci ha lasciato perplessi! Una particella, su cui 
avremmo giurato di doverci imbattere e presto, e precisamente il protone ne- 
gativo, ha eluso la nostra aspettazione. Il discorso non può andare molto a- 
vanti, perchè non è certo che si sia fatto tutto il possibile per trovarlo. Forse 
è solo più difficile metterlo in evidenza che non i vari mesoni; ma mentre i 
mesoni pesanti non si sospettavano e quindi sono stati una sorpresa, del pro- 
tone negativo se ne conoscerebbero anche le proprietà e non si riesce a tro- 
varlo! Non è facile valutare la relativa importanza di fattori di origine così 
diversa, ed attribuire un coefficiente al fattore psicologico della attesa di un 
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avvenimento: per questo, come dicevo, il discorso non può andare molto 
avanti. 

Naturalmente si attendeva una particella della stessa massa del protone 
positivo, ma di segno contrario; una antiparticella nello stesso senso in cui 
l’elettrone positivo è antiparticella dell’elettrone negativo; in questo schema 
avremmo dovuto attenderci anche una seconda antiparticella e cioè l’anti- 
neutrone, avremmo dovuto attenderci infine la produzione di coppie nucleone- 
antinucleone, a spese di sola energia, nelle collisioni nucleari di grande energia, 
e tutto questo per analogia con la teoria degli elettroni e dei neutrini. Nulla 
di tutto questo è stato ancora osservato, ma in compenso sono stati scoperti 
dei super-nucleoni. Probabilmente tra questi iperoni c'è anche quello nega- 
tivo e ce n’è certamente uno scarico, ma le loro masse sono differenti da quelle 
dei nucleoni ordinari. Se accettiamo le conseguenze della conservazione dello 
spin isctopico, non facciamo eccessive acrobazie mentali, e rinunciamo alle 
troppo immediate analogie, potremmo anche ritenerci soddisfatti del baratto 
tra quello che ci si aspettava e quello che si è trovato, e cioè tra protone nega- 
tivo, antineutrone e analogia elettrodinamica da una parte e iperoni e con- 
servazione dello spin isotopico dall’altra; non abbiamo avuto quello che atten- 
devamo, ma qualcosa di nuovo e di parimenti interessante, sì. 

Resta così aperto ancora, ma questa volta disgiunto dalla tessitura teorica, 
il problema di fondo, se gli iperoni e i nucleoni si possono o no produrre a 
spese di sola energia come i mesoni leggeri o pesanti, e se si debba o no pen- 
sare ad un principio di conservazione dei nucleoni in senso lato. ot 

La comparsa delle V°, isolatamente e non a coppie, e la loro produzione 
per urto mesone negativo—protone, se dimostra che esse si producono a partire 
da un nucleone già esistente non permette però ancora di concludere che esse 
non possono essere generate anche a spese di sola energia in collisioni di gran- 
dissima energia. I fisici sono preparati ad ogni alternativa, umili, come è giusto 
che sia l’atteggiamento del ricercatore di fronte alla natura. 

Molta strada è stata percorsa dalla Fisica moderna, a ritmo incalzante; 
il paesaggio fondamentale è in continuo cambiamento, in continuo amplia- 
mento. I dati si accumulano, le teorie si avvicendano, cadono e si affermano; 
il quadro creato dalla nostra fantasia si trasforma incessantemente; e tutto 
questo in un tempo breve, breve rispetto alla vita di un uomo. Questo stato 
di fatto ha determinato una reazione psicologica curiosa nei fisici: invece che 
dividerli in tanti partiti di opinione diversa, li ha affratellati, consci della im- 
mensità dei compiti da svolgere e della necessità della collaborazione e della 
intesa. 


And now let me say few words to the students. I must first apologize for 
having read may talk in Italian. F know however, that many of you have 
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followed it. In it I spoke of the elementary particles and in particular of the 
attitude of the research worker and of the possibilities in this field of research. 
This is a matter which is more adapted for the public than for specialists who 
know by daily experience how one studies elementary particles. 

This that we inaugurate this evening is a school, not a meeting of spe- 
cialists of a particular technique, all of you are here to learn how one should 
reason and work not only with a particular technique but also with others 
and what is more important, to give mutual help and council. 

The success of our School depends greatly on your collaboration, its vita- 
lity will depend on how much you give. It will only be a series of interesting 
conferences if you do not collaborate with us. Please don’t forget that this 
is the first year of this effort. We began rather late and it is for this reason 
that students and instructors are mostly european; but it is possible te forsee 
that next year we will have a more substantial participation from across the 
ocean both from instructors and students. 

At a certain point during the preparation for the School I myself doubted 
that it would be possible to organise it for this year; but the one person that 
| has never doubted, despite difficulties of various kinds, has been Prof. PoL- 
VANI, and I would like to express our gratitude to him. I must add however 
that we have found both here and abroad much help and encouragement and 
this has greatly facilitated our task. 

The organization of the School will this year be far from perfect but we 
will search together for elements to improve it. With this in mind and with 
very best wishes I am happy to welcome you at the School of Varenna. 


te 
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Words Spoken at the Opening of the Course. 


BX 


C. F. PoWELL 
H. H. Wills Physical Laboratory - University of Bristol 


Ladies and Gentlemen, 


Permit me, on behalf of those of us who: are to participate in the Inter- 
national School of Physics at Varenna, to express our warm gratitude to the 
Italian Authorities and to Professor PoLvANI and Professor PuPPI who have 
brought the School into being and who have done everything in their power 
to give it the possibility of success. 

It would have been difficult to choose a more appropriate time than the 
present for holding a Course on Cosmic Radiation. For several years, the 
subject has been at the centre of interest in that branch of Physies which 
concerns itself with delving into the strange structure of the material world. 
It is now developing with great rapidity, and every month brings news of 
exciting new observations or discoveries. The Course will allow us to discuss 
the most recent advances, to reflect upon different themes at leisure, and return 
to them again. We shall have the great advantage that specialists in all the 
different methods employed will be present, so that we shall be able, together, 
to take a broad view of the subject. 

During the past months a joint Expedition to Sardinia has been organised by 
eighteen European Laboratories for the purpose of securing exposures of photo- 
graphic plates to the cosmic radiation by means of high-altitude balloon flights. 
We hope during the Course of the School to discuss some of the experiments 
we shall be able to undertake with the material secured by the Expedition. 
Our experiments are becoming so arduous that we can only hope to solve our 
problems by working together, and the friendly contacts made at the School 
will help us to know one another better and to prosper the collaboration. For 
all these reasons we are most indebted to the organisers of the School. 
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But it is one thing to organise a School, and another to arrange it to be 
held on the banks of Lake Como. When I was reflecting upon the happy 
choice of these delightful surroundings, I was reminded of some remarks made 
by Thomas Hooke not long after the foundation of the Royal Society of 
London. He was commenting on a bequest which had been made to endow 
a Chair in the Mechanic Arts and said that the donor bad taken these arts 
«out of the dark shops of the mechanics themselves, and had shewed London, 
the chief City of commerce of the world, the proper way in which commerce 
is to be improved ». 

Surely, we may say today that those who have made such generous 


provision for our Conference, have taken physics out of the dark laboratoires — 


of the scientists and have shown the proper way in which Physics is to be 
improved. 
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PARTE SECONDA 


SEZIONE I 


Questioni relative alla tecnica delle lastre nucleari. 


Hyperons and Heavy Mesons. 


C. F. PoWELL 
H. H. Wills Physical Laboratory - University oj Bristol 


1. — Introduction. 


In the summer of 1953, a joint expedition was organised between eighteen 
European and other laboratories, to study cosmic radiation at high altitudes. 
with nuclear emulsions. The balloon flights were made from Elmas aerodrome,. 
near Cagliari, Sardinia. A sufficient number of stacks of stripped emulsions 
were exposed, recovered and processed, to serve the needs of the contributing 
laboratories for a considerable period. 

The first part of this paper contains an account of the present state of 
knowledge of unstable particles given in a course of four lectures at Varenna, 
Como, in August 1953, during the Summer School organised by the Italian 
Physical Society. It was designed to provide a background for the consi- 
deration of the most profitable lines of investigation to be undertaken with 
the Sardinian plates, investigations which are discussed towards the end of 
the paper. In preparing the material for publication, I have made a number 
of additions, in the light of recent advances in knowledge, in order to bring 
the material up-to-date. I have also included a summary of the experimental 
observations, available up to the time of writing, in the form of Tables (*). 

The nomenclature employed in the paper is based on that recommended 
at the Conference at Bagnéres-de-Bigorre in July 1953, (AMALDI et al., 1954) 
and is set out in Table I. The term « hyperon » and the symbol Y are em- 
ployed to denote any particle, charged or neutral, with a mass between those 
of the neutron and the deuteron. Individual types of hyperons are designated 
by capital letters of the Greek alphabet. The mesons, with masses between 


(*) Table I is at page 166: the others are at pages 186-197. 
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those of the electron and proton, are divided into two classes; L-particles, 
which include z-mesons and less-massive particles, and K-particles which 
include those with masses greater than that of the x-mesons. The individual 
types of mesons are designated by small letters of the Greek alphabet. 


2. — Hyperons. 


2°1. — The A°-particle; Existence and Mode of Decay. — The A°-particle, 
previously referred to as the heavy neutral V-particle, V®, is now known to 
decay into a proton and a m--meson with an energy release Q = 37 + 3 MeV; 
A°->-P+r, (i). Its existence was established by observations with Wilson 
chambers, and most of the available Q-values were obtained in such experiments. 
More recently, a number of observations have been made by the photographic 
method. Such experiments have the advantage that, in favourable examples, 
both the z-meson and the proton can be arrested in the stack. Their nature 
can then be established — in particular, the sign of the charge of the x-meson — 
together with their ranges and the angle between their directions of emission. 
This allows the release of energy Q@ — and thence of the mass of the A°-particle — 
to be determined with much higher precision than is commonly achieved in 
work with expansion chambers; see $ 12°2. 

In employing the photographic plate for studies of A°-particles, the diffi- 
culty is met that relatively low-energy interactions, — of protons and 7-mesons 
with nuclei, for example, — may produce effects — 2-prong stars — superficially 
similar to those due to A°-particles. In order to distinguish such effects, it 
is generally agreed that the following approach is desirable: To select events 
of the required type in which the two particles can be proved to be outgoing 
x-mesons and protons, respectively; to determine the corresponding @-values, 
assuming the events to be due to the transformation A° -> P +7; and, 
finally, to plot a histogram of the resulting Q-values. In this way, if a con- 
siderable proportion of the events are due to A°-particles —and the preli-. 
minary evidence strongly suggests that this is indeed so — the histogram will 
display a. pronounced peak for Q — 37 MeV. 

For reasons stated in $ 2°2, it is reasonable to regard the A°-particle as 
an excited state of a nucleon. It is therefore possible that there are other 
states with a similar mode of decay but a different value of the energy 
release. Such states, if they exist, could give rise, in experiments of the type 
described above, to other peaks in the histogram, from which the masses 


could be accurately deduced. 


2-2. Production of A°-particles. — It has long been known, from experi- 
ments with Wilson chambers, that A°-particles are produced, apparently 
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directly, in high-energy nuclear interactions. Recently, observations by 
FRETTER et al. (1953) have shown that in the collisions of z-mesons with 
nuclei, A°-particles may be produced in conditions where the original kinetic 
energy of the system is insufficient to provide all the rest-mass of the A°-part- 
icle. Further, the A°-particle transforms into a proton. These observations 
therefore suggest that the A°-particle is to be regarded as an « excited nucleon »,. 
which returns to its normal state by the emission of a «heavy quantum »,. 
j.e. a 7-meson. 

This view has been reinforced and extended by recent decisive experiments. 
at Brookhaven by FOWLER, SHUTT, THORNDIKE and WHITTEMORE (1953, 1954), 
in which 1.5 GeV z--particles, generated artificially in the 2.2 GeV proton- 
synchrotron, have been made to enter a hydrogen-filled diffusion cloud-chamber.. 
It has thus been shown that reactions occur which can be written in the 
general form: x +P—Y-+K, (ii). In one example, the reaction has the part- 
icular form: 7- + P > A° + 0°, (iii); in another, the A°- and 6°-particles result: 
from an interaction outside the chamber, and therefore, almost certainly, 
from the bombardment of a heavier nucleus by a 7--meson. In other examples,. 
charged Y- and K-particles result from the interactions; they are discussed 
in $ 3-4, 

The Brookhaven results resolve the contradiction, recognised for some: 
time, between the relatively copious production of A°-particles in nuclear 
interactions on the one hand, and their long-life time, as measured on a nuclear 
time-scale, on the other; they resolve the contradiction, and establish the 
precise form of the reactions in each of which two particles, including a. 
Y-particle, are produced. 


3:3. Life-tume, Mass and Spin of A°-particles. - The mean lifetime of the. 
A°-particles has been determined from experiments with Wilson-chambers in: 
which the original disintegrations producing them could be distinguished. 
A statistical analysis of the assembled data allows the mean life-time to be 
estimated, and the result thus obtained is (3.3 + 1.0)-107-!° s; see the dis- 
cussion at the Bagnéres Conference; mimeographed report. 

The mass of the A°-particle, assuming m,_ = 273 m, and Q = 37 MeV, 
is 2182 m,. From the observed mode of decay of the particle it is reasonable 
to assume that its spin is equal to that of the proton and half-integral; 
Ag, > Pa + To 


3. — Charged Hyperons. 


31. Y; Mass and Mode of Decay. — The first decisive evidence for the 
existence of charged hyperons from experiments with photographic plates was 
presented by BONETTI, LEVI-SETTI, PANETTI and TOMASINI at the Royal 
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Society Conference in London in January 1953. These authors observed a 

: particle which stopped after a path of 15.8 mm. A secondary charged part- 
icle was emitted from the end of the range. The mass of the parent particle, 
was found to be 2 210+ 250 m, (see Table II). No significant measurements 
‘on the track of the secondary particle were possible. 

Contemporaneously with the photographic work and independently of it, 
YORK, LEIGHTON and BJORNERUD (1953) were led to similar conclusions from 
the results of experiments with Wilson chambers. These workers found evi- 
‘dence for two types among the charged V-events, one type being much shorter 
lived than the other. In two cases, a fast positive particle, which originated 
in a lead plate within the chamber, decayed in flight in the gas, and the 
secondary particle had a measured mass not significantly different from that 
‘of the proton. No measurements of the energy release Q were possible. The 
events were tentatively attributed to a transformation of a type which, in 
the present nomenclature; would be written: A+ + P + 7z° (iv). 

Seven other examples of charged hyperons observed in photographic plates 
have now been reported; details are given in Table II. In every case, the 
identification of the parent particle as a hyperon depends on determining 
its mass. The errors in such measurements are frequently large, but the 
values obtained make it very improbable that the particles were less massive 
than a proton. Three of the particles decay in flight. Evidence for the nature 
of the single charged secondary particle from these events is not decisive, but 
indicates that it was a meson, and probably a z-particle. Assuming that the 
mode of decay is correctly represented by the equation Y* > N° + x* (v), 
where N° represents a neutron, the observations on the three events are al 
consistent with the view that in each there is a release of energy, Y, equal 
to — 130 MeV. The corresponding value of the mass of the parent-particles 
is m, ~2370m,. The designation of the particles Y® is employed, and 

not A*, because of the considerable difference in mass from that of A°, and 
in spite of the apparent similarity of the modes of decay. 

In six other examples, the charged hyperon reaches the end of its range. 
In one, reported from Washington (KING et al., 1953), the secondary part- 
icle again appears to be a r-meson; its energy is consistent with the mode 
of decay into a neutron and a z-meson with an energy release — 120 MeV. 
Jn another (Milan 3), the secondary particle can be identified as a proton 
with energy 15 MeV. Assuming that we are here dealing with an alter. 
mative mode of decay Y*-+P + n°, (vi), the release of energy is found 
to be 115 + 3 MeV. The corresponding value of the mass m,+ is consistent 
with that obtained above, viz. 2370 m,. 


8:2. Nuclear Interaction of Charged Hyperons. — Two of the remaining events 
cannot be attributed to the decay of a particle of mass 2370 m, in either of 
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the modes discussed above. In that from Dublin, two secondary particles 
appear at the end of the range. It is therefore suggested that we are here 
observing the effects of an interaction of a Y~-particle with a nucleus. In 
the event Bristol (2), (Table II) the secondary particle is a proton with an 
energy of — 100 + 15 MeV. If it is regarded as representing the spontaneous 
decay of a hyperon according to eq. (vi), the mass of the parent particle 
must have been ~ 2800 m, It therefore appears preferable to attribute this 
event also to a nuclear interaction of a Y~-particle. 


3:3. Lifetime of Y*-particles. — It is reasonable to assume that most of 
the events described in $$ 3°1, 3:2, are due to the decay of particles of the 
same type. If so, the fact that such a large proportion of them decay in 
flight indicates that the mean lifetime is considerably less than that of the 
T- or x-mesons, most of which reach the end of their range. The number of 
observations is insufficient to permit a precise evaluation, but present evi- 
dence suggests a mean lifetime of about 107° s. 


3:4. Production of Y--particles. — In the experiments on the interaction 
with hydrogen of fast m-mesons generated by the 2.2 GeV. Brookhaven 
machine, one example has been found in which the general reaction 7 -- P—> 
->Y + K takes the particular form ~m + P + Kt + Y- (vii). The Y--part- 
icle is observed to decay in flight in the cloud chamber, but the K-particle 
escapes observation before transforming. 

Interactions of the type x -+N >Y + K_are believed sometimes to be 
responsible for the production of the K-mesons and hyperons during the dis- 
integration of heavy nuclei (see $ 2:1). One can assume that 7-mesons result 
from nucleon-nucleon collisions within a nucleus, and that they may be in- 
volved in further interactions with nucleons before escaping. If so, in ex- 
periments with photographic plates, it should be possible to find examples 
of disintegrations from each of which a charged hyperon and a K-particle are 
emitted. One such case has indeed been observed by LAL, PAL and PETERS 
(1953), and two by DAHANAYAKE et al.. The hyperons and K-particles occur 
so rarely that it is very improbable that both types will appear from a single 
disintegration if they result from separate interactions. 

In view of the above considerations, it will be of great interest to determine 
whether the K- and Y-particles are always associated in pairs; or whether 
other processes play an important part in their production. In experiments 
with photographic emulsions, it should be relatively simple to establish the 
existence of an association of the two types when they are both charged. 
If one or both are neutral, the problem is more difficult, but it is possible in 
principle since the line of motion of A° or 0°-particles, observed to decay in 
an emulsion stack, can be computed in favourable examples. 
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4. — Evidence for ‘“ Cascade” Decay of Heavy Particles. 


Five events have been reported, of the type represented schematically in 
Fig. 1, and first observed in experiments with Wilson chambers by ARMEN- 
TEROS et al. (1952); see also LEIGHTON (1953). Each shows two V-events, 
one apparently due to a charged particle, a, and the other, d, to a neutral 
particle. The tracks are such that it is permissible to 
assume that they are due to the decay of a charged part- 
icle (a) into a secondary charged and a secondary neu- 
tral particle, the latter, in turn, producing the neutral 
V-event. This assumption is based on the fact that, in 
each case, the apex of one V-event is found to lie in 
the plane containing the tracks of the two charged se- 
condary particles of the other, within the errors of mea- 
surement. In every one of the five examples observed \ 
hitherto, the assumed parent particle (a) was negatively ee 
charged, but no accurate determination of its mass was 
possible. If the decay of the charged particle is re- 
presented by the relation Y_- +7 + A%, (viii), the mass 
of the hyperon is ~ 2800 m,. 

Whilst the above interpretation of the « cascade » events 
cannot at present be excluded, it should be treated with 
reserve. In view of the Brookhaven results, the events Fig. 1. 
may also be assumed to represent the simultaneous pro- 
duction Y-+K in a nuclear interaction in the matter above the chamber, 
or in metal plates within it. 


5. — Spontaneous Disintegration of Nuclei. 


DANYSZ and PNIEWSKI (1953) have published a remarkable observation 
which appeared to represent the spontaneous disintegration of a boron nucleus, 
emitted as a fragment during the disintegration of a silver or bromine nucleus 
in a photographic emulsion. The boron nucleus reached the end of its range in 
a time ~ 3-10-12 s; when at rest, it decayed into three or possibly four charged 
particles, the total release of energy being of the order of 50 MeV. It seemed 
impossible to reconcile the observation with the view that the boron nucleus 
was excited to an energy of — 50 MeV as a result of «thermal» motion 
among its nucleons. Such highly excited states cannot persist for 1072 s; 
their estimated lifetime is ~ 10-2°s.  DANYSZ and PNIEWSKI therefore sug- 
gest that the boron nucleus contained one of its nucleons in an excited state, 
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as a A°-particle, for example; that this nucleon was bound to the other 
nucleons to form a relatively stable structure, as measured on a nuclear time- 
scale; and that the final disintegration of the nucleus was associated with the 
decay of the excited nucleon. As an alternative possibility, it was suggested 
that the nuclear fragment emerged from the primary disintegration with a 
negative x-meson in a bound orbit. The final disintegration was then to be 
attributed to the capture of the meson. Whilst this possibility could not at 
first be excluded, it had to meet the difficulty that the time before a 
7--meson is captured by a nucleus is believed to be considerably shorter than 
3-10-22 s whereas the boron nucleus had persisted for longer, possibly much 
longer. 

Shortly after the original discovery, an example of what appeared to be 
a similar phenomenon was observed by TIDMAN et al. (1953). In this case, 
the fragment appeared to be of charge Z = 2 or 3. In the course of a few 
months, two more examples of the process were discovered, one in Paris by 
CRUSSARD and MoRELLET (1953), and one in Minnesota by FREIER; see NEY 
(1953). The results strongly suggested that the emission of a m-meson with 
an energy — 25 MeV was a frequent feature of the secondary disintegrations. 
Such an event cannot be interpreted in terms of a nucleus with a 77-meson 
in a bound orbit, for insufficient energy would be available to account for 
the observed disintegration of the fragment. Further the release of energy 
was of the correct order of magnitude, — 37 MeV, if one of the particles in 
the nucleus were a A°-particle. The original idea of the possibility of a new 
form of nuclear excitation, in which one of the nucleons is in an «excited » 
state, was thus reinforced. 

Very recently, two further examples of great interest have been reported. 
They were recorded in stacks of stripped emulsions so that a much more de- 
tailed analysis was possible. In that described by BONETTI et al. (1954) a 
particle with a mass ~ 5000 m, was emitted from a disintegration. At the 
end of its range, it transformed into a 7--meson and a He? nucleus. These 
particles recoiled from one another in opposite directions and both stopped 
in the stack. The energies and momenta of the secondary particles could thus 
be determined and the values obtained were consistent with the transform- 
ation: 


3 d 
"He > Het x : 


'Hî indicating a triton in which one of the nucleons is in an excited state. 
The energy of excitation of the original particle was ~40 MeV, a value 
consistent with the basic interpretation in terms of excited nucleons, and in- 
dicating a binding energy of the Av-particle within the triton of ~1.5 MeV. 

In the event described by HILL et al. (1954), the nuclear fragment. has 
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charge Z= 2. This particle, assumed to be a nucleus of mass 4— an x-particle 
with one of its nucleons in an excited state — or a Lit+ atom (*), decays at the 
end of its range into a x-meson, and two charged particles, assumed to be a 
proton and a He} or Li* nucleus, respectively, of which the ranges can be 
measured. With the assumption of an original helium nucleus, there is a 
momentum balance in the common plane of the three secondary charged 
particles. By an application of the conservation laws, the binding energy of 
the excited nucleon in the original fragment can be computed, and the result 
obtained is ~4 MeV, a value which may be compared with that required 
to dissociate an «-particle into a neutron and a He? nucleus, viz. ~ 20 MeV. 
Details of the events of this type reported hitherto, are summarized in Table III. 

It may be remarked that the probability of a heavy nuclear fragment, 
Z > 3, being emitted from a disintegration is very much smaller than that 
for particles of charge 1 and 2. It seems probable that further examples of 
lighter nuclear fragments suffering delayed spontaneous disintegration will soon 
be found; and that, when recorded in stacks of emulsions, they will permit 
detailed studies of the types discussed above. 


6. — K-Particles. 


61. The t-meson; its Mass and Mode of Decay. — It is now established 
that the t-meson decays into three z-particles with a release of energy equal 
to ~ 75 MeV; see Table III. The corresponding mass of the particle, assum- 
ing m, = 273 m,, is m, = 966 m,. 

Experiments with Wilson chambers indicate that both negative and posi- 
tive t-mesons exist, for both types have been observed to decay «in flight », 
but there are many more positive than negative. On the other hand, the 
evidence is now very strong that all, or most of the particles which decay 
into three z-mesons when arrested in solid substances, are positively charged, 
The evidence comes from experiments with photographic emulsions. 

Twenty-one examples of the decay of t-mesons at the end of their range 
have now been reported; see Table IV. Of the sixty three secondary x-mesons 
produced, it has been possible to follow twenty-one to rest, and to determine 
whether they are positively or negatively charged. Fourteen have been found 
to show the characteristic tp decay, so that they were positive, whilst the 
remaining seven produced nuclear disintegrations and were thus negative. 
This result is consistent with the assumption that all the t-mesons were posi- 
tively charged, for the ratio of positive to negative secondary x-mesons should 


(*) If the particle was of charge 2, it must have been a helium nucleus, for the 
effects of capture and loss are confined to the extreme end of the range. 
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then be as two is to one. Further, in experiments with stripped emulsions, 
the charge of two, and sometimes three, of the secondary 7-mesons from the 
decay of a single t-meson can be determined. If two of these secondaries are 
found to have been positively charged, so also was the t. It has thus been 
shown that in the three cases in which a decision is possible, the parent 
t-meson was positive. 

Additional evidence that the t-mesons observed to decay at rest are all 
positively charged is provided by the characteristics of the decay; DALITZ 
(1953). Thus, in every event hitherto observed, the directions of motion of 
the three secondary particles have been found co-planar to within the errors 
of measurement; such errors are commonly less than 2°. It is reasonable to 
assume, by analogy with the behaviour of the ~ and u--mesons, that a 
t-particle, when stopped in a solid, will be captured into a bound orbit and 
will fall to a state of low quantum number near or in the nucleus. If it decayed 
from such a state, the original co-planarity of the directions of motion of the 
three secondary z-mesons would be disturbed by the influence of the Coulomb 
field of the nucleus; and any such departures from co-planarity should be 
particularly marked if one of the three secondary particles were of low energy. 
The observed co-planarity therefore suggests, a) that no neutral particle is 
emitted in the process of decay, and 6) that all the particles observed in such 
experiments are positively charged. 

The above considerations raise the question of the fate of negatively charged 
t-mesons when they stop in solid substances. If particles of both signs are 
produced with equal probability, the question of the nature of the interaction 
of the negatives with nuclei becomes of great interest. It will be convenient 
to discuss this question, together with the similar problem of the fate of 
x-particles, in a later paragraph § 10). 


6:2. Production of t-mesons. — The first example of the apparent direct 
production of t-mesons in a nuclear disintegration was found by CECCARELLI 
et al. (1954). Following the widespread use of stripped emulsions, several 
other examples have been found. Indeed, in experiments with stacks of 
emulsions exposed with a minimum of protective matter, a large fraction of 
any observed t-mesons must have been generated in the stack, and their 
points of origin can commonly be found. 


6°3. Lifetime of the t-meson. — The only evidence bearing on the lifetime 
of the t-meson is derived from the fact that the particles commonly stop in 
solids before decaying, and that they have been seen to decay in flight in 
Wilson chambers. It is generally believed that the mean lifetime is between 
10-§ and 107° s.. It is an important quantity because of its bearing on the 
question of the identity of the t- and x-mesons, discussed in § 7:2. 
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T1. The x-meson; its Mass and Mode of ‘Decay. — The first evidence for 
the existence of an unstable charged particle of mass ~ 1000 m,, originally 
referred to as a charged V-particle, which decayed into a single charged particle 
and one or more neutral particles, was provided by the pioneer experiments 
of ROCHESTER and BUTLER. The existence of a charged meson of mass 
~ 1100 m,, which decayed into a u-meson and two or more neutral particles, 
was established by experiments with photographic plates; O’CEALLAIGH (1951). 
Several examples have now been found of similar particles, referred to as 
x-mesons, in which the secondary particle can be identified as a u-meson; 
see Table V.. Since the energy of the secondary particles varies within wide 
limits, the decay is represented x + + 2 neutral particles. Many of'‘the 
secondary particles have energies > 100 MeV, and they produce tracks with 
a grain-density near the minimum value for particles of charge e. Their masses 
cannot then be determined by present methods and, in general, it cannot 
be decided whether they are x- or u-mesons. 

The x-mesons found by the photographic method are almost certainly 
identical with some of the particles which produce the charged V- and S-events 
observed in experiments with Wilson chambers. The secondary particles 
there observed have been found to traverse metal plates for a total distance 
equal to several «interaction-lengths » without being absorbed; it is therefore: 
probable that some of them are u-mesons. 

It is now known that some of the heavy mesons can decay in a different 
mode in which the secondary charged particle is a m-meson; see $ 81. It is 
therefore possible that both in the charged V- and S-events observed in Wilson 
chambers and in the experiments with photographic plates, in cases where 
the nature of the single secondary charged particle cannot be established, we 
are presented with a mixture of particles of different types. If, however, 
ignoring this difficulty, the measured masses of the particles are examined, 
it is found that they are consistent with a unique mass not significantly dif- 
ferent from that of the t-meson. Thus the mean of the measured mass-values 
of the S-particles observed in a Wilson chamber at the Pic-du-Midi — using 
the more precise methods based on the determination of momentum and 
range —is 920+30m_,; and of the values for K-particles observed in photo- 
graphic plates is 1020 +50 m,.. The K-particles, or most of them, may 
therefore be assumed, tentatively, to be identical with the t-mesons, and to 
represent an alternative mode of decay. 


7:2. Possible Identity of the t- and x-mesons. — If the t- and x-mesons 
represent alternative modes of decay of the same particle, then the two neutral 
particles, formed in the decay of the latter, must be of unequal spin, one half- 
integral, and the other zero or integral. It would be possible to admit, for 
example, that the transformation of the x-meson may be written: 
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xt >ut+v+y. We shall see that there is evidence from Wilson chambers 
for the production of y-radiation, in the decay of S-particles; see § 8:2. 

In the two neutral particles produced in the decay of x-mesons are of 
small or zero rest-mass, and if m, is assumed to equal m,, the maximum energy 
of the secondary u-mesons, consistent with the conservation laws, can be cal- 
culated. The value thus obtained is — 150 MeV. The corresponding values 
of the momentum p and the quantity pf are ~ 233 MeV/c and ~ 206 MeV/c, 
respectively. A few values of the observed energy or of pf exceed this theo- 
retical maximum, see Table IV, but they are based on scattering measurements 
with relatively short tracks and are therefore subject to. statistical, and other 
possible sources of error. In these circumstances, the observations made 
hitherto do not exclude the assumption that x= 7t.. These considerations 
emphasise the importance of more precise measurements of the energy of 
the charged secondary particles in the favourable conditions now provided 
in work with stripped emulsions. . 

It may be remarked that if x= 7, we can no longer speak of the lifetime 
of the individual types. We are presented with the decay, in two modes, of 
particles of a single type. The relative probability of occurrence of the two 
modes will be defined by two partial decay constants, k, and %,, which to- 
gether determine the mean lifetime, t = 1/(k,+%,). 

The present methods of measuring the mass of particles are not sufficiently 
precise to permit a direct and precise demonstration of the equality in the 
masses of the t- and x-mesons, if it exists. An alternative approach is there- 
fore necessary. If it can be proved that the two modes of decay occur in 
the same proportion under all experimental conditions, very powerful support 
will be given for the assumed identity of the parent particles. 


8. — Other Modes of Decay of K-Particles. 


8.1. Secondary t-mesons. — Experiments by MENON and O’CEALLAIGH 
(1954) have suggested that K-particles sometimes decay with the emission 
of z-mesons; see Table IV. In five events of this type reported by these 
authors, the tracks of the secondary particles were long enough to allow signi- 
ficant measurements of the scattering parameter «; the corresponding values 
of pp were all equal to ~ 180 MeV/c within the errors of measurement; see 
also BONETTI et al. (1954). Similar values are frequently found for the u-mesons 
believed to result from the decay of x-mesons; but in the five events under 
discussion, the grain-densities in the tracks were significantly greater than. 
those expected for u-mesons, and equal to those for 7-mesons. 

In three of the above events, the tracks of the primary particles were long 
enough to permit mass determinations, and the values obtained were not 
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significantly different from that of the t-meson. In two cases, however, the 
tracks were too short to allow reliable measurements; it is therefore possible 
that they were Y*-particles which can decay into z-mesons of about the 
observed energy. 

Because of the apparently unique energy of the secondary T-meson, the 
events were attributed to a two-body decay of the form: y ->x* + ne, 
where n° is a neutral particle. For an assumed mass of the parent particle 
equal to 966 m,, the observed energy of emission of the x-particle would be 
consistent with the decay scheme y>x + 7°. 

Decisive evidence for the production of low energy secondary z-mesons has 
recently been obtained in experiments with stripped emulsions. CRUSSARD et al. 
(1954) have observed two examplesin which heavy mesons, at the end of their 
range, lead to the emission of x+-mesons. The latter were stopped in the stack 
and showed the characteristic 7 ->u decay. The energies of the secondary 
particles in the two events were ~ 14.2 and 13.7 MeV respectively. Because 
of the closely similar values of the energy, these two events may be attributed 
to a two-body decay of a heavy particle. On the other hand, following the 
work of the Padua group— see below — they may also be interpreted as due 
to an alternative mode of decay of the t-meson according to the relation 
t+ —+>n7t+7°+ 7°, Such an explanation is not possible for the events attri- 
buted to y-mesons, for in them the energy of the secondary particles is greater 
than the maximum value consistent with an application of the conservation 
laws; viz. ~54 MeV. Other explanations cannot, at present, be excluded. 

Another example of a K-particle which produces a secondary positive 
m-meson has recently been reported from Padua. The z-meson stops after 
a range of 0.9 mm and decays into a u-meson. 


8:2. Secondary y-rays. — Evidence for the production of y-rays as a result 
of the decay of S-particles has been found in experiments by BRIDGE, COURANT, 
DE STAEBLER and Rossi (1953). The S-particles are stopped in metal plates 
in a Wilson chamber, and y-rays formed by their decay produce cascades of 
electrons in passing through the plates. The direction of a parent quantum 
can be estimated from the «axis » of the cascade which it produces. 

The first examples reported were such as to suggest that a y-ray recoiled 
from the secondary charged particle in the decay of the S-particle. Later 
results indicate, however, that in some examples at least, the y-rays and the 
secondary charged particle are not collinear; see CoURANT (1954). It remains 
to be shown whether, in these events, the y-rays arise directly in the decay 
of the S-particle, or indirectly through the decay of secondary 7°-mesons. 
The evidence at present available appears to be consistent with the trans 
formation x >uw+y+y. 
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9. — §°-Mesons. 


It is now established that a neutral K-particle exists, the 0-meson, 
which decays into two L-mesons, one of which is certainly a m-meson, and 
probably both are; THom!'son (1953); BARKER (1954). It is probable that one 
of the original V-events discovered by ROCHESTER and BUTLER was of this type. 

If the mode of decay is correctly represented 0° > z+ + 77, the release 
of energy, Y, is ~214 MeV. The corresponding value of the mass, m,, is 
~ 966 m, and thus equal, within the limits of experimental error, to the mass 
of the t-meson. As stated in § 2°2, a 0°-meson can be created, together with 
a A°-particle, in the interaction of an energetic negative 7-meson with a 
proton. Studies with Wilson chambers suggest, however, that the 0°-meson 
occurs several times less frequently than the A°-particle in the energetic dis- 
integrations produced by cosmic radiation. It is therefore probable that the 
neutral A°-particles, and possibly the 6°-mesons also, can be produced in other 
types of interaction in addition to that established by the Brookhaven ex- 
periments. 

Methods similar to those employed for detecting the decay of A°-particles 
in photographic emulsions may also be employed for experiments on the 
0°-mesons. They would have the advantage, in this case also, of allowing 
accurate determinations of the release of energy, QY. If both mesons were 
arrested in a stack, their nature, and the sign of their charge, could be esta- 
blished. The mass of the particle could thus be measured with high precision, 
and the mode of decay finally established. 

A V°-event which appears to be due to the decay of a 0°-particle has been 
observed by YASIN (1954) in a stack. Both component tracks are due to 
L-mesons, but only one of them is stopped so that its nature can be definitely 
established. The mass and energy of the other was found by measurements 
of scattering and grain-density. The value of @Q calculated from the 
observations is 202 +11 MeV. 


10. — Nuclear Interactions of negative K-Particles. 


«It has been pointed out by FRIEDLANDER HARRIS and MENON that there is 
a large disparity between the numbers of K-particles which have been ob- 
served to decay in photographic emulsions and the numbers producing nu- 
clear disintegrations at the end of their range. More than 50 examples of 
decay have been reported, whilst there are only about eight events which 
can be attributed to a nuclear interaction of a heavy meson at the end of its 
range; and of these, some may 4e due to charged hyperons; see Table VI. 
There are several possible explanations of this result: 
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a) First, it may be attributed to the particular features of the nuclear 
disintegrations which result from the capture of the negative particles, features 
which render difficult the recognition of events of this type (see FRIEDLANDER 
HARRIS and MENON (1954)). If so, the positive and negative K-particles 
could be present in equal numbers, — as is suggested by experiments on charged 
V-events made with Wilson chambers — but the apparent predominance of the 
positive particles which decay, over the negatives which interact with nuclei, 
would result from a difference in the efficiency with which observers distin- 
guish the two types. 


b) Secondly, the disparity could be due to a large preponderance of 
positive K-particles over negative. Some support for this assumption is pro- 
vided by observations on S-events made by GREGORY et al. (1953) at the 
Pie-du-Midi. Of the first six particles observed in these experiments, all were 
positively charged. It is difficult, however, to reconcile this assumption with 
the equality in the numbers of positive and negative charged V-events ob- 
served in Wilson chambers; see, for example, BUTLER (1954). 


11. — The Problem of the Existence of Other Types of K-Particles. 


111. Charged particles. — The evidence presented in the previous para- 
graphs shows that most, and possibly all, of the charged K-particles which 
decay when arrested in solid substances, have masses in a narrow range of 
values, between 900 and 1150 m,. Indeed, we have seen that the evidence 
permits us, tentatively, to assume a unique mass equal to 966 m,. The que- 
stion then arises whether other types exist, which may have escaped observ- 
ation because of the absence of observable secondary effects at the end of 
their range. 

An approach to the solution of this problem has been made by DANIEL 
and PERKINS (1954) who determined the masses of charged particles, emitted 
from nuclear disintegrations recorded in photographic emulsions, by observing 
the grain-density and scattering of their tracks. Their results suggested that, 
in addition to the numerous protons thus identified, there was also present 
a group of particles of mass ~ 1260 m, or greater, a group of which the in- 
tensity was about one tenth that of the protons. At the time these observ- 
ations were made, it was believed that the mass of x-mesons was of the order 
of 1100-1200 m,. The results were therefore regarded as showing that these 
mesons are copiously produced in high-energy disintegrations. They also 
proved that any t-mesons are produced very rarely in the conditions of the 
experiment. 

Following the development of more precise methods of mass measurement, 
— and the new evidence, assembled at the Conference at Bagnéres-de-Bigorre 
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that the x-mesons are of mass ~ 1000 m, — it became necessary to re-examine 
the evidence of DANIEL and PERKINS and to make more accurate measure- 
ments by the methods described in § 121. It has thus been confirmed that 
x- and t-mesons are, indeed, very rarely produced in high energy collisions; 
and further evidence for the existence of heavier charged K-particles has been 
secured; see Fig. 3 in $ 1244. 


11:2. Neutral particles. — In two examples of the interaction of 7--mesons 
with protons, observed in a diffusion cloud-chamber in the Brookhaven ex- 
periments, a A°-particle has been observed, but the accompanying neutral 
particle or particles did not decay in the gas. In these events, the energy and 
momentum of the A°-particle can be measured. Assuming the incident 
m™-meson to have an energy equal to the mean value for the beam, and that 
the A°-particle is accompanied by only one other neutral particle, the rest- 
mass of the latter can be computed by an application of the conservation 
laws. The values thus found are 1280 and 1350 m, respectively. In view of 
the assumptions on which this result is based, it must also, at present, be 
regarded as tentative. 


12:1. Experimental Methods appropriate in work with stacks of stripped 
emulsions. — The outline of the main features of the present state of knowledge 
given in the preceding paragraphs shows that there are many important 
problems awaiting solution, problems which it will be possible to attack by 
observations with stacks of stripped emulsions exposed to cosmic radiation 
at high altitudes. In many instances, it will be important to secure observ- 
ations of great statistical weight, and this will be practicable because so many 
laboratories are provided with the uniform experimental material obtained in 
the course of the Sardinian and other expeditions. 

In a subject, which is developing rapidly, it seems very probable that new 
phenomena will be found during the general search of the plates under the 
microscope, a search which is a necessary prelude to any investigation. Such 
new discoveries cannot be planned, and it will be appropriate here to con- 
sider only those systematic investigations which seem called for in order to 
solve present problems, and which will benefit from a co-ordinated effort 
between different laboratories. Among such systematic investigations the 
following appear to be particularly important: 


12:2. Origin of x-mesons recorded in a stack. — One method of systematic 
search, is to trace positive and negative 7-mesons to their points of origin 
in the stack. This has already been shown by the Bombay group to be very 
profitable and leads the observers to: a) t-mesons, 0b) A°- and 6°-particles 
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c) nuclear interactions involving negative K- and Y-particles, and d), unstable 
fragments. 

Most of the stacks recovered by the Sardinian expedition were exposed 
in similar conditions. It may therefore be useful to quote preliminary results. 
obtained with the above method by FRIEDLANDER, KEEFE, MENON and MERLIN 
(1954) in Bristol. Of 600 positive and negative z-mesons, 400 were found to ori- 
ginate in the stack and 100 from outside. Presumably, most of the latter were 
produced in the walls of the aluminium container in which the stacks were 
packed. Of the 400 z-mesons observed to originate in the stack, three were 
produced by the decay of t-mesons, and four by the decay of A°-particles. 
In four of the latter, the associated protons also stopped in the stack so that 
their ranges could be determined, and an accurate value calculated for the 
release of energy, Q, in the decay A° +P + r_. The values thus obtained 
where 36.4, 37.3, 37.2 and 37.9 MeV. 

The linear dimensions of the emulsions used in the Sardinian expedition 
were 15 cm X10 cm x 600 yu, each stack being composed of 40 emulsions. For 
the following reasons, there would be some advantage in employing larger 
stacks: The secondary charged L-mesons produced in the decay of x-mesons 
and Y*-particles, frequently have energies of the order of 100 MeV and ranges 
greater than 15 cm. When generated within it, such particles inevitably 
escape from a stack of the dimensions quoted above, if they do not make a 
nuclear collision. In a larger stack, they could be arrested, their ranges — and 
hence their energies — accurately determined, and their nature and charge 
established by the secondary effects observed at the end of their range. 


12°3. Mass measurements on particles, emitted from « stars », by observations 
of grain-density and range. — It is well known that in stacks of stripped emuls- 
ions, it is possible to make mass measurements of much greater precision than 
when using glass-backed plates. This follows because tracks can be traced 
through a succession of emulsions so that observations can be made on part- 
icles of great range. For a given track, a succession of values of the grain- 
density can be determined together with the corresponding residual range, 
each pair of observations giving a measure of the mass of the particle. The 
method has the additional great advantage of eliminating errors associated 
with particular deficiencies in the quality of individual plates, or of particular 
regions in a single plate, deficiences such as anomalous development or except- 
ionally high distortion. 

The precision that can be obtained in the new conditions is illustrated 
in Fig. 2, which shows the results of measurements by WADDINGTON. Each 
point in the figure represents the value of the normalised grain-density in a 
track in a single plate, and the corresponding value of the residual range. 
If an event is of particular interest, a succession of values of g*, R can be de- 
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duced from the track of a particle in a succession of emulsions, and the mass 
thus more accurately determined. 
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Fig. 2. 


It will be seen from Fig. 2, that the measurements allow particles of mass 
~ 1000 m, to be clearly distinguished from the large number of protons, on 
the basis of a single measurement and— a most important feature —irrespective 
of any secondary effects occurring at the end of the range. If the measure- 
ments are confined te a random sample of tracks, chosen only because of their 
grain-density and inclination to the plane of the emulsion, such measurements, 
when of sufficient statistical weight, will determine: 


a) The proportion of charged particles of mass —1000 m,, which in- 
teract with nuclei; 


b) The relative frequency with which charged particles of mass ~ 1000 m, 
decay in different modes; e.g. t+ >7t +7t +7, x>u+2 neutral part- 
icles, etc. 


c) The relative frequency of emission of particles of different types: 
protons, x-, t- and x-mesons, etc., with velocities in a given interval. 
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It may be remarked, as an illustration of the application of the method, 
and of the magnitude of the effort involved that of the first five particles of 
mass —1000 m, observed by DAHANAYAKE, FRANCOIS, FUJIMOTO, IREDALE, 
WADDINGTON and YASIN when using the above approach, all decayed with 
the emission of a single charged particle with velocity +c. These five 
K-particles appeared toge- 
ther with about forty r-me- 
sons among 1200 measured 
protons, deuterons and tri- 
tons. 


12°4. Mass measurements 
by observations of grain-den- 
sity and scattering. — The 
method of measuring mass 
based on observations of 
range and grain density can- 
not be applied to the tracks 
of faster particles. For ranges 
greater than 10 cm, the part- 
icles frequently leave the 
stack. Further, the « inter- 
action length» is — 25 cm, 
so that, when of great range, 
the strongly interacting part- 
icles begin to be lost 
through making nuclear col- pB (MeV/c) 
lisions. For the faster part- Fig. 3. 
icles, it is therefore an ad- 
vantage to use the alternative method based on measurements of g* and a. 
In this case also, great advantages follow from the use of stripped emulsions. 
Longer tracks are available for measurement —with a corresponding re- 
duction in statistical fluctuations —and the grain-density of the same track 
can be determined in several emulsions. 

The precision which can be obtained in the new conditions is illustrated 
in Fig. 3 which is based on measurements by FOWLER and PERKINS. The 
greatly improved resolution of particles of different mass is well displayed. 
It allows the particles of mass 1000 m, to be unambiguously resolved from 
the protons and x-mesons. Their frequency of production, as compared with 
particles of other types, can thus be determined; such measurements are com- 
plementary to those made on particles of lower velocity by the (g*, &) method. 

The results shown in Fig. 3 appear to indicate the presence of a 
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group of particles of mass ~ 1450 m,, several times more numerous in the 
in the conditions of the experiment than those of mass ~ 1000 m,. There ap- 
pears to be no strong evidence for the existence of particles of mass ~ 1450 m, 
from other experiments; and as pointed out in $ 11°1, the present results 
suggest, that, if they exist, they are relatively long-lived. It seems important 
therefore to increase the statistical weight of the observations, and to repeat 
them in other laboratories. If the particles exist, they are of great impor- 
tance for high-energy nuclear physics; if they do not, and the tracks are really 
due to protons, it is important to understand the physical processes which 
lead to errors in the apparent masses of particles, as deduced by these methods, 
errors which are apparently much greater than those attributable to normal 
statistical fluctuations. 

It may be remarked that the new results obtained by this method confirm 
the conclusion, reached earlier, that particles of mass ~ 1000 m, result very 
rarely from nuclear disintegrations of great energy. It is reasonable to 
conjecture that the hyperons and the K-particles of mass ~ 1000 m, com- 
monly result from the interactions of positive, negative and neutral m-mesons, 
produced in high-energy nucleon-nucleon collisions — from interactions of these 
m-mesons with nucleons as they escape from the parent nucleus. 


In preparing this material for publication, I had the benefit of advice from 
many colleagues on points of detail, and I am particularly indebted to 
Dr. MENON and Mr. FRIEDLANDER who did most of the work of compiling 
the Tables. 


It is a pleasure to acknowledge also the hospitality enjoyed by all the 
participants at the Varenna School, and the debt we owe to the Italian Phys- 
ical Society for the opportunity to discuss, at leisure and in delightful sur- 
rounding, modern problems of the cosmic radiation and fundamental physics at 
a fascinating stage in the development of the subject. 
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TABLE [| 
PRIMARY 
Mass Measurements 
vg: Length 
Origin mm |Photo-electric tp a, R 
OLEG | ‘ variable ce 
(a) Deca 
Bombay (1) 1 13+10« 19.0 2520 +380 = 2200750 
Bristol (?) il 26-+-14p 4.7 2670 + 600 2810 + 600 — 
Padua (3) 1 11+1p 3.25 2100 + 400 — 
(b) Decay 
Bristol (?) 2 31=e3n 4.6 2200 + 350 — 2680 + 351 
Dublin (4) 1 Star with — 2300 + — 2190 +500 
29 black 
or grey tracks 7:35 — = — 
Milan (5) 1 — 15.8 — 2500+ 550 |. 2210 +25 
2 oe 1.25 2550 +1150 | 2250 +1050 2340 + 70¢ 
3 = 0.90 2700 +1000 | 1840+ 700 | 2330 +77 
Washington (È) 1 — 3.7 — 2940 2 860+ 850 
(?) D. Lat, YAsH-PaL and B. PETERS: Bagnères Conference, mimeographed report, p. 146 (1953). 
(*) M. W. FRIEDLANDER: Phil. Mag. 45, 418 (1954). 
(?) M. CECCARELLI and M. MERLIN: Nuovo Cimento, 10, 1207 (1953). 
(4) R. H. W. JOHNSTON and C. O’CEALLAIGH: Phil. Mag. 45, 424 (1954). 
(°) A. BONETTI, R. LEVI SETTI, M. PANETTI and G. TOMASINI: Nuovo Cimento, 10, 345 (1935) and 
10, 1736 (1953). 
(9) D. T. KinG, N. SEEMAN and M. M. SHaPIRO: Phys. Rev., 92, 838 (1953). 
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SECONDARY 


total range 
‘observed range] pf or Energy 
Length mm MeV/e Vba Mass REMARKS 
flight. 
| CI 
| 14.0 (0) pB=160--13 1.26+0.05 | 330+60 Assuming Y+—>7++N 
Q=135 MeV 
12.2 (0) pB= 87+3 1.34-+0.02 | Probably x If Yt>nt4N 
Q — 100 MeV 
4.3 -.(0) E=70 MeV ak. Probably Q = 131 + 24 MeV 
teraction at rest. 
13.20 (0) pp ~ 100 MeV/c ~3 Probably — 
proton ‘| 
Lu (t) recoil — cs — Two secondary particles sug- 
~ 2.0 mm (t) gests interaction. 
0.12 (0) — ~1 —_ Original observation 
very short — > == = 
1.67 (t) probably P. — — Assuming Y+t+77°+P 
ends in Q=115 +3 
2.2 (0) pB=150 +35 | 1.15+0.07 | 330+90 Assuming Y+—7++ N 
Q= 105735 


dine 


188 


C. F. POWELL 


TABLE III. — Delay 


PRIMARY 
SR RI SECONDARY 
Origin Z Range 
Brookhaven (1), 0467 2 260 u (a) long m-meson of 25 Meg 
MISTE (b) 196 w proton of 5.3 Me 
and Rochester (ec) 13u He3? 
London (?) 16+0p 2 or 3 219 u (a) 24u If proton, 1.6 Me 
DATO If proton, 4.0 Me 
Lae x 16.0 Me 
(c) long If p — 48 Me 
if iz ~ 6M 
Milan (3) 22-1 3n 1 13 mm | (a) 9.6 u 
Mass (b) 2.38 cm T-meson 39.4+1 Mi 
~ 5500 m, 
Minnesota (4) -- 3 or 4 — (a) If proton 5 Me 
(b) T-meson 29 Me: 
| (c) Short recoil 
Paris (5) 30+30p 2 or 3 68 uw | (a) Probably proton 
(b) 325 u (0) | 7-meson 25 Me 
(e U Record particle. 
Warsaw (9) 214 18p 5 90 u (a) du If proton 0.7 Me 
(b) 123 u LEE ee 16 Me 
p 4 Me 
(c) long If ~ 40 Me 
ye 2p Recoil 


i (1954). 


(1) R. D. HiLL, E. O. SALANT, M. WIDGOFF, L. S. OSBORNE, A. PEVSNER, D. M. Ritson, J. Crus: 
sarDp and W. D. WALKER: Bull. Amer. Phys. Soc., 29, 60 (1954). 
(?) D. A. TIDMAN, G. Davis, A. J. HERZ and R. M. TENNENT: Phil. Mag., 44, 350 (1953). 

(*) A. BONETTI, R. Levi SETTI, M. PANETTI, L. Scarst and G. ToMASINI: Nuovo Cimento 11, 330 


(‘) P. FREIER, reported by E. P. NEY: Bagnéres report, p. 253 (1953). 
(8) J. CRusSARD and D. MORELLET: Bagnéres report, p. 180 (1953). 
(5) M. Danysz and J. PNIEWSKI: Phil. Mag., 44, 438 (1953). 


oa 
* 
4? 
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ikl 


nr 
Sa n 
Ue 


egration of Nucl lei. 


REM ARKS 


roduced by 1.5 GeV 7--meson. | Three secondaries are co-planar and show Ion 
nce for a disintegration. Note the close similarity with the Paris event. 


vr 


ondary tracks are collinear. Event consistent with 1Hî > He? +7-. Energy release ee 
.7+1 MeV. Lifetime of primary fragment > 3-10-1s. oa 


ue. 


hree secondary tracks coplanar within 444°. 
ytal energy of three charged secondaries ~ 34 MeV. 


od agreement within the experimental errors for reaction *Li?+Li® + H1+ 77; or ie 
fet He*+H'+n-; if *Li’, Q=36+2 MeV; if tdet, Q =49+ 2 MeV. are 
served balance of momentum among secondary particles. Ce 


i Penk x 
rat observation. y PRI 
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Tare IV. — Details of measurement: 
PRIMARY PARTICLES 
Mass 
Origin poner 
Coe g*, R «, R 
Bombay (1) 1 6 + Op 6.65 970 + 100 1195 + 23) 
21 + 2a 0.37 E eee 
3 13 + 10 Gol ASS 1505 +31 
Bristol (?) 1 qa 3.10 1080 + 160 990 + 277 
2 — 2.07 910 + 220 1015 + 28: 
3 = 0.42 ee ae 
4 sh 1.39 oat aa 
5 Bae In 26.0 A sca, 
6 + 0p 57.0 tex o 
7 2] In 48.5 e pres 
London (83) 1 — 0.74 — = 
2 ia a a ike 
3 = Pen esi = 

Manchester (4) 1 — er, = — 

— Ar _ — 
Milan (5) 1 sud 4.0 ae 890 + 180 
Padua (5) 1 oe 8.0 995 + 150 946 + 140% 

2 214 13p 6.7 A wal | 

3 4+ 10p 7.9 — 960 + 110 1 | 
Rome (7) 1 ae 1.6 ae 880 + 200 

2 — ital — — 


Possible examples of an alternativ 


Padua (8) 1 0 + 2n TRS ~ 900 oo 


Rochester (%) 1 == — oe = 


(*) D. Lan, YASH-PAL and B. PETERS: Bagnéres Conference, mimeographed report, p. 141 (1953 
(?) R. H. Brown, U. CAMERINI, P. H. FowLER, H. MUIHREAD, C. F. PowELL and D. M. RITSON 
Nature, 163, 82 (1949); P. H. FOWLER, M. G. K. Menon, C. F. Powerit and 0. RocHat: Phil. Mag., 4 
1040 (1951). | 
(*) J. B. HARDING: Phil. Mag., 41, 405 (1950); P. E. Hopason: Phil. Mag., 42, 1060 (1951) 
A. J. HERZ, P. E. Hopeson and R. M. TENNANT: Phil. Mag., 44, 85 (1953). | 
(4) W. O. Lock and T. V. MAJOR: Proc. Roy. Soc., A 221, 391 (1954). 
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, tT-mesons observed in photographic emulsions. 


SECONDARY PARTICLES 


E, L E, la Es Q 
(=) MeV mm (+) MeV mm (©) MeV MeV 
ue 21.8 4.78 a 15.6 SR ? (37.8) 75.2 
+ 26.2 5.37 + OS 4.6 + (—) (33.6) 76 6 
+ 6.6 4.5555) 2? (29.9) 12.24 ? (38.8) 754 
— 1.04 2.04 ? (31) 0.12-+ ? (33) 65 + 8 
2 19.0 0.12+ | 9 (24) 0.49+ | ¢ (32) 7544 
? (9.0) Oe iether, (20) O68. (46) es 
2 12.2 SE ? =? rat ? a ZnS 
AB 16.0 5.55 a 16:96 EI (41:3) 74.2 
de 2.2 18.63; | 39.7 ©] (22:9) ? (39.1) 750 
+ 12.0 QI — 36.6 (10.9) ? 24.9 73.0 
? (13.3) 0.42+ | ? (45) 0.034 | ? (17.5) 76 + 15 
(25 +5) SA @ ~| (24+4) aes @ | (20-44) 69 + 8 
? (33.5) 0.724 2 (31.0) 0.99+ ? (9) 73 +8 
? (16.0) 8.84 ? 47.5 CV O (15.3) VERSA, 
2 ==: 0.5+ ? _ 0.53 + 4.3 ~ 90 
? == 0.64 2 — 0.163 + 90) 75.2 +7 
2 (17.4) 2.0+ ? Zio, 0.14 ? (37.0) 81.7 +5 
aus eal 12.86 + ila: 25.14 + 40.5 75.0+1.1 
2 30.2 2.89+ ? (30.0) 1.8+ ? (17.4) 77.6 +5- 
sa 5.0 ee ? (34.6) | 6.2+ ? 40.3 79.9 + 2.9 
? | (36.5) 3h ? 18.5 0.41+ | 2 (16.5) 71.5 +4 
| ode of decay tt>mt++7°-+ 7°. 
| | | 
0.9 | + | 5.8 — = # | aE a da Dr 
. | = = = | = Ra 
= | a ee 1 


(5) M. PANETTI and L. ScARSI: Nuovo Cimento, 10, 687 (1953). 
i (5) M. CECCARELLI, N. DALLaPORTA, M. MERLIN and A. RosraGni: Nature, 170, 454 (1952); 
M. CECCARELLI N. DALLAPORTA, M. MERLIN, G. QUARENI and G. T. Zorn: Proc. Roy. Soc., A 221 
386 (1954). i i oF 

(?) E. AMALDI, G. BARONI, C. CASTAGNOLI, and A. MANFREDINI: Bagnéres Conference, mimeographe 
report, p. 153 (1953). 4 

(8) M. CECCARELLI: Nuovo Cimento (in the press). 

(?) M. F. KAPLON: private communication. 
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a; 
TABLE V. — Observati 
PRIMARY PARTICLES 
Mass measurements 
Oris eee È a, R  |Photo-ele 
ee SR ib variable cell or ga 
Bombay (+) 1 20--5n | 13.6 950 +100 == 955-+140 | 138041 
2 142 Oni 240 1120+100 = 980+155 | 112541 
3 a 52.0 1115-100 = 1025+ 95 = 
4 1203150 980 +100 — 740+ 85 ae 
5 8+% | 13.3 865 +100 — 10054170 950+2 
Bristol (2) 1 = 4,1 as 1260 -+260 — 138041! 
2 oS 5.67 = 1125 +230 a 1125-14 
3 — 0.53 = 1000-2000 — o 
4 as 2.10 — 1370 +320 — — 
5 sE 1.54 e 1220+400 = 950 -+2¢ 
6 — 2.55 = 1035 +280 — 1050 +24 
a — 0.38 = ~ 1000 — — 
8 == DIDO -_ 1460 +320 DS 900 +24) 
9 == 0.63 a ~ 1000 — _ 
10 = 1.38 — 1100+330 — — 
11 — 0.54 = ~ 1300 = = 
12 = 13.2 —_ 1210+150 — Sa 
13 Pe 0.96 - 1080-+450 — — 
14 == 3.44 = 9254190 — — 
15 De 9.56 — 1100+170 = —- 
16 = 1.70 - ~ 1100 = — 
17 —- 4.3 — 1 200 +230 = — 
18 — 1.85 —- ~ 1500 — — 
19 — 1.02 = 1000-2000 = = 
20 -— 6.67 — 990 +150 = = 
21 = = Sa susa pesi L'ad 
22 TESO 28.0 — 780+ 90 — — 
23 19+3n 7.56 — 990 +200 = Ze 
24 10+0p 8.56 — 1400+150 == == 
25 tes 3.77 ee 1200+350 | 1150+300 Si 
26 19+24a| 42.1 1010+100 |1070+80 1015+ 80 a 
DI = 8.41 = 10204300 | 15594300 — 
28 = 7.63 — 7604300 | 1130-+300 — 
29 ce 1.3 = ~ 1000 = a 
30 = = = Sui as DE 
Sa UBD - = ores as Era 
32 274-3p 19.0 1050+150 — — Seo 
33 == 2a 225 ae RE ee 


(4) D. Lan, YASH-PAL and B. PETERS: Proc. Ind. Acad. Sci., 38, 418 (1953). 


(*) See M. G. K. MENON and C. O’CEALLAIGH: Proc. Roy. Soc., A 221, 292 (1954); Bagnères Confer + 4 


ence, mimeographed report, pp. 118, 124 and 223 (1953). 


| 
| 
| 
| 
| 


Sees pe Fetes See 
ecay of K-Particles. — SARE oe 
SECONDARY PARTICLES 
_ Length pb = Mass or. : 
_ mm oe MeV/c I assumed identity | 
‘1226 +20 a 2a i 
e ~ 0.98, Ea 3 
asa PE ~ 1.0 — x 
= au - 0.93 + 0.07 = È 
es, ein 235 + 35 ~ 0.97 + 0.04 Tor in 
LARE Di 11.8 (ends) — ua n 
pi co 144 + 12 0.96 + 0.03 ù 
6.17 PSE a RSI sie 
fis.o i 66.10 1.70 + 0.08 w or (7) 
0.1 E CELLA E 
2.5. i 170 + 30 1.090 + 0.05 Toru 
eek OO: ye 187 + 17 1.140 + 0.025 T 
19.5 162 + 9 1.094 + 0.016 T 
E 0.27 a = 1 2a 
0.10 — _1 RE 
È 0.15 i pere — ~ 1 . 
0.20 Al — 1 = 
~ 0.50 120 + 44 1.02 + 0.10 u Or 7% 
4.10 184 + 30 1.028 + 0.031 Toru 4 
2.80 153 + 24 1.030 + 0.045 uort ] 
6.5 = 172 + 17 1.15 + 0.03 T 
LOS | 315-32 70 ~l1 Toru 
0.8 “—. 125+ 35 ~1 Torp 
0.19 I — Li te a 
19.0 183 + 14 1.0 u 
12 4 LE 
> 100 _1 TOru 
| 
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TABLE V. (continued) 


PRIMARY PARTICLES 


Mass measurements 


Tag Length se 
Origin è = si a, R Photo-el 
Mai «È variable cell | or gaps 
Means 
Brussels (3) 1 eas 1.4 E 1030+260 ei 
2 zz. 2.0 ae 750 +170 an 
3 — 3.0 _ 800+160 — 
4 — 20.0 — 1100+100 os 
Cornell (+) and 1 = ~ 3.0 a 970 +100 cl 
Rochester i 2 = ~3.0 = 1030-100 —_M 
3 14+ 3p 4.5 — 870-4100 — 
Manchester (5) 1 — 3.28 — 1290+450 | 1400+300 | 1100-10 
Milan (9) 1 CE 3.40 = 970 +185 Bie 
2 — 2.0 — 1270+290 — 
3 star 5.26 — 1030+165 — 
4 star 1.88 = 13504210 —- 
5 2 1.47 = 1360 +340 a 
6 — 0.64 — 1260 +600 = 
Oslo (7) Le 06228 p4] SF40 ees 970+130 | 1090+180 ats. 
Paris (8) 1 — 13 — 1060-+210 — 
2 |13+18p| 4.95 = 890+ 75 — 
3 9+2p 6.04 _ 1030+ 80 = 
4 6-4+1p.|. 9.0 = 900+ 60 = 
5 — 162 _- 940+170 = 
6 la; 1.40 eZ 900 +150 a 


(*) See Bagnères Report, p. 223 (1953). 

(*4) See M. F. KAPLON: Bagnères Report, p. 134 (1953). 

(5) Manchester group: private communication, 

(5) A. BONETTI, R. LEVI SETTI, M. PANETTI and G. TOMASINI: Bagnères Report, p. 132 (1953). 

(7) N. ISACHSEN, P. VANGEN and 8. O, S@RENSEN: Phil. Mag., 44, 224 (1953). | 

(8) J. Crussarp, L. JAUNEAU, G. Kayas, L. LEPRINCE-RINGUET, C. MABBOUX, D. MORELLET, \@ 
A. ORKIN-LECOURTOIS and J. TREMBLEY: Bagnéres Report, p. 128 (1953). | 


SECONDARY PARTICLES 


aqua gates 


È PB Paral ee Mass or vi 
MeV/c È O ae i assumed identity | 


\ 


a= = 
= — PEAS 


Ero nea Bar rms ro alone 
x ‘ Vr 


“= = E i a4 
# 9.80 124 * 12 1.00 + 0.05 Torp 
¥ Ors Laie at, | i SA ea i 
ZA —— ~ 150-427 0.94 + 0.03 = ta 
SEE P18 40-10 an 3 
E. 108 + 18 1.14 + 0.03 u 
A 2.50. 200 + 33 1.06 + 0.04 T 
3 0.63 i > 80 1.02 + 0.06 Da 


2.5 126 + 21 1.05 + 0.02 n dai 


197-2513 è 0.97 + 0.03 220 + 25 
= 0.85 + 0.20 MS 


— 1.0 + 0.1 —_— 
= won | a 


290 + 60 0.975 + 0.05 — 


wer ee ee ee eee 


Fe =. © 
\ 


. 
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3 
ee. PRIMARY PARTICLES 
i Mass measurements in m, 
Length ni 

: 3 Origin mm g*, Bor = PR ae 
“i EOS photo-electric ; variable-ce 

A Bombay (1) 1 14+2n 308 = + ~ 1000 | 
= 
: 2 25+5n. .092 = — — 
5 TA egies A 
ii 3 44 6n 25 975 +100 as 1015 +12} 
Ta di 
is ww 
24 IE 
Qu 
a: 4 Dre 29.3 1320 +100 2 850 + 95. 

5 = 12 _ si 540730 

a Padua (2) 1 7+1p 11.14 909 a 1240 
Mean 1070 + 160 
5 Manchester (8) 1 — 1.62 960 +90 1509 + 600 2100 + 7004 > 
S 2 — 1.56 ~ proton 1670 + 800 1240 + 40 


(1) D. Lay, YASH-PAL and B. PETERS: Proc. Ind. Acad. Sci., 38, 398 (1953). 


(2) Padua Group: private communication. 
(3) J. V. MAJOR and others: private communication. 
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SECONDARY PARTICLES 


Total energy 


I ey Mass Energy of charged 
lo È > a a m, MeV particles REMARKS 
30 = observe MeV 
15.8 p(t) ~ proton 1.0 ) 
5.7 w (t) ~ proton 0.5 185 
3.9 mm (0) 20027) 28.1 
48 u(t) ~ proton 22 ] Primary particle could be 
5.5 w (4) ~ proton 0.5 199 unstable nucleus 
139 u (t) ~ proton 4.2 
3.5 mm (0) 200232 29.2 = Produces nuclear inter- 
action in flight. 
385 u (t) ~ proton 7.8 7 
46 wu (t) ~ proton 2.1 = 
i 140 yu (4) ~ proton 4.1 > 246 
1.4 mm (0) p or d TA — 
17.6 mm (0) p > 180 — 
i 407 w (t ~ proton 8.1 3] 
456 1 (t) ~ proton 9.0 
(282 u (1) ~ proton 6.5 2140 
295 u (0) ~ proton Se 
— ~ proton 42 —- 
2.15 mm (0) TT-meson 37 = 
— ~ proton 17 = 
-— recoil — == 
7.0 mm (0) TROL, 55 +10 = 
1.1 mm (0) pord — aan 
blob ~ electron _ = 
15 wu pord sE sr 
7u pord 1.1 — 
340 u p or d 6.5 = 
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Remarques sur la relation parcours-énergie. 


L. VIGNERON 


College de France - Paris 


Connaissant la fonetion E,(E) pour les protons, on passe facilement au 
cas d’une particule Y, dont la charge est 1 et dont la masse est % fois celle 
«du proton. On a: 


(1) R,(kE)=kR,(E). 


Il suffit d’envisager le cas des protons. 


1. — Determination empirique de la fonction R,(£). 


On mesure le parcours moyen pour une énergie fixée, H. On recommence 
pour d’autres valeurs de £. On porte les points expérimentaux (R, E) ainsi 
obtenus sur un graphique, puis on trace au mieux une courbe continue. 

On a constaté que dans n’importe quel ralentisseur, R et £ sont liés appro- 
ximativement par la relation: 


(2) E=mRE" c’est-a-dire log, H = log, m + nlog, È, 


Ces formules approchées n’ont aucune base théorique: en fait m et n varient 
lentement. 

Néanmoins, en coordonnées bilogarithmiques, les points expérimentaux 
sont presque sur une droite. Il y a un avantage énorme a utiliser un tel graphique 
bilogarithmique: le nombre des points expérimentaux nécessaires pour avoir une 
interpolation correcte est moindre qu’en coordonnées ordinaires bilinéaires; de 
plus, on peut extrapoler un peu en dehors de la zòne d’énergie où se trouvent 
les points expérimentaux d’étalonnage. 

Si on s’éloigne trop de cette zone, l’extrapolation n’est plus bonne. Pour 
extrapoler avec sùreté, il faut se tourner vers des méthodes de calcul de la 
fonetion R(£). 
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2. — Calcul de (E) d’après la composition chimique en utilisant les potentiels 
d’ionisation. 


J'ai publié un tel calcul, en collaboration avee M. BoGAARDT [1]. En voici 
le principe: 


1) Les contributions des différents éléments chimiques au ralentissement 
de la particule sont présumées additives: 
(3) (— 3 émuls. = x, (- 3) = Di N; pH) = f(£), 
(i désigne un certain élément chimique, N, est le nombre d’atomes. i dans 
1 cm’ d’émulsion; p;(#) est une certaine fonction de ralentissement caracté- 
ristique de l’élément 7). 

2) Voici comment est déterminée une fonction p,(Z). Tout d’abord, 
d’après BETHE [2]: 
(4) p(B) = i [Log 2mv? — Log I,) ; 
I; est le potentiel moyen d’ionisation de l’élément 7, nous l’avons pris dans 
le travail de MANO [3]. Mais la formule (4) 
n’est valable que si le proton est suffisam- 
ment rapide, soit dans la zòne A, pour 
E>1 MeV. 

Dans la zòne B: 0,1 MeV < H< 0,5 MeV, 
nous avons obtenu les p;(£) (1) d’après un 
travail expérimental de WARSHAW [4]. 

Dans la zone intermédiaire, 0, nous avons 
obtenu les p,(#) en comblant le « trou » par 
une intérpolation graphique. Rieck 

3) Ayant les p,(#) pour les différents 
éléments, une intégration de la formule (3) donne le parcours: 


i 1 
}) = —— dH. 


En principe, dans cette méthode, un seul point point expérimental (2, £) 
est nécessaire pour fixer la constante d’intégration et mener a bien tout le 


calcul. 
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Remarque 1. — Les potentiels de Mano ont été déterminés avec des expé- 
riences de ralentissement portant sur des particules trop lentes, équivalant [1] 
à des protons d’énergie comprise entre 0,5 et 2,2 MeV. Dans cette zòne, le 
proton va moins vite que les électrons K et L de Ag et Br, la formule (4) de 
Bethe n’est pas rigoureuse, mais l’erreur que Mano commet sur L; vient « com- 
penser l’erreur sur la formule ». Nous retrouvons cette compensation jusque 
8 MeV [1]. Au dela la formule s’améliore, l’erreur sur les potentiels persiste, 
le calcul divergera donc par rapport aux résultats expérimentaux de mesure 
du parcours. 


Remarque 2. - BOGAARDT [5] a recalculé des potentiels d’ionisation J, ainsi 
que des quantités empiriques J;, qu’on peut substituer aux J; et, ainsi, il a 
porté jusque 15 MeV la validité du calcul. 

Il y a eu complet accord [1, 5] entre le calcul et les points expérimentaux 
connus pour l’émulsion C, et pour des émulsions enrichies en gélatine. 

La méthode proposée semble donc très sùre, pour les énergies basses et 
| moyennes, elle exige de connaitre de fagon précise la composition chimique. 


Remarque 3. — Aux grandes énergies, à la place de la formule (4), on doit 
utiliser la formule relativiste de Bethe: 
ra 4nese?Z, 


mv? 


(6) p:(E) (Log 2mv?— Log I; — Log (1 — f?) — p?). 

En principe, les potentiels déterminés 4 haute énergie par BAKKER et SEGRE [6] 
devraient convenir. Malheureusement, il semble [7] que ces potentiels convien- 
nent encore moins que ceux de Mano. C’est pourquoi j’ai changé de méthode 
et développé [7] la méthode suivante. 


3. — Caleul direct de R(#) dans une émulsion quelconque. 


Appliquant des formules analogues à la formule (6) à chacune des couches 
électroniques des constituants de l’émulsion (7), on peut écrire finalement: 


dH? 
(7) | — da = apt) tab + e) = (2°); 
w(E?), (E?) sont des fonctions de l’énergie que j’ai calculées et dont j’ai donné 
des tables [7]. 


Au dessus de 16,3 MeV, a et Db restent constants, on a alors: 


(8) a = 6,6331:10-? Y, (N.Z.), 
(9) b = 3,33817 — log,, I: 


emulsion 9 


: 


REMARQUES SUR LA RELATION PARCOURS-ÉNERGIE DOT, 


avec: ; 


(10) > (WZ) log I = Y (N, Zlog I). 


Quand la particule se ralentit, on. doit considérer [7] que les différentes 
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couches électroniques cessent successivement de participer au ralentissement, 
les électrons K de l’iode cessent 4 E, = 16,3 MeV, K de Ag a 12,7 MeV, 
K de Br à 7,0 MeV, etc..., ceci permet, dans la zòne des énergies moyennes 
de calculer les corrections 4 apporter aux paramétres a et d de l’équation (7). 

Puisqu’on renonce & utiliser les valeurs publiées des potentiels, le para- 
métre b doit étre ajusté. En principe, il n’y aurait pas 4 ajuster le paramètre a 
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qui est, d’après l’équation (8), indépendant des potentiels. Néanmoins, il vaut 
mieux aussi l’ajuster légèrement. 

Comme il y a aussi une constante d’intégration, en principe trois Dane 
i expérimentaua seulement suffisent pour avoir tous les paramétres nécessaires au 
calcul. 

La courbe que j’ai obtenue se superpose parfaitement a tous les points 
expérimentaux, depuis 0,1 MeV jusque 40 MeV. Pour H> 40 MeV, je ne 
disposais pas de points expérimentaux, il m’a semblé pleinement justifié d’ex- 
trapoler jusque E=220 MeV. Je pense que l’erreur maximum sur È, a la 
fin de l’extrapolation ne doit pas dépasser 5 pour cent. 


Remarque. — A des énergies plus grandes, la formule (6) de Bethe ne suffit 
plus à répresenter le ralentissement, de nouveaux effets (Cerenkov, polari- 
sation, etc.) devraient étre pris en considération. Je n’ai pas fait les calculs 


correspondants. 


4. — Causes de discordance entre les resultats experimentaux. 


1) Différences atteignant 1% et méme 2% entre les micrométres objectifs 
utilisés dans les divers laboratoires. 


2) Petites différences de pouvoir d’arrét entre différentes séries d’émul- 
sions et surtout conditions d’humidité variables suivant les expériences. Celà 
aussi peut entraîner des différences systématiques de 1% à 2% sur les parcours. 

De meilleurs micromètres permettraient de remédier à la première cause. 
Convenir arbitrairement de fixer 4 47 u la longueur moyenne des alphas de 
ThC’ mesurés dans la plaque ot on fait l’expérience permettrait de remédier 
à 1) et a 2) et d’assurer 4 1/400 près la concordance entre différents expéri- 
mentateurs. Il n’y a pas lieu d’espérer une concordance meilleure. 
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The Constant Sagitta Method. 


C. C. DitwortH 


Istituto Nazionale di Fisica Nucleare - Sezione di Milano 


The content of this lecture has since appeared in more complete form in 
Nuovo Cimento [1] and it seems therefore superfluous here to describe again 
the details of the method. It is perhaps more worthwhile to give a critical 
survey in which can be used the experience of the method gained in the 
6 months passed between the Varenna Summer School and the rewriting of 
this contribution. 

The constant sagitta method for the measurement of mass by scattering 
versus range was developed independently in three laboratories [1], [2], [3]. 
This in itself demonstrates that the problem was ripe and urgent. The classical 
methods [4], [5] in which measurement of scattering was made over sections 
of the track with constant cell length, were inconvenient and did not squeeze 
all the available information from the track. 

The problem posed was to adjust the cell length to the residual range in 
such a way as to make the measurement always at the optimum cell length, 
and also to obtain a parameter of the scattering which should be constant. 
over the whole length of the track. This was possible using the sagitta method. 
If we assume the sagitta of the noise, e, to be constant along the track and 
independent of the cell length, and vary the cell length so that the second 
difference of the sagitta, D, remains constant, then the ratio D/e which de- 
termines the optimum cell length remains constant. 

The set of cells thus defined depends on: 


1) the range-energy relation; 


2) the value of the scattering constant and its variation with cell length 
and the velocity of the particle; 


3) the relativistic mass of the particle to be measured. 


Biswas et al. [2] have shown that an error of at most 3% is committed 
when a particle of mass 6M is measured on a cell set derived for mass M, for 
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track lengths of between 0.1 and 10cm. Thus a particle of unknown mass 
can be measured on a practically arbitrary cell set. 

Alternatively a set of cells can be constructed in which the scattering 
« constant » is supposed to be constant and pf is replaced by 2# (the non- 
relativistic approximation) with appropriate correction curves to apply for a 
given mass and residual range [1]. This is slightly less rigorous but more 
flexible since the cell sets are certainly applicable to particles of all masses 
and changes in the knowledge of the range energy relation, in the variation 
of the scattering function or changes in the composition of the plate would 
require only a redrawing of the correction curves and not a reconstruction of 
the whole cell set. 

Calibration of the method made by both the Bombay and the Brussels 
| groups showed no marked discrepancy with expected values. Measurements 
on K-mesons by the two laboratories, working with differents cell sets, dif- 
ferent signal to noise ratio and different methods of noise elimination gave 
results in good agreement. 


TABLE I. 
| | ! 
| Proton mass | T-meson mass K-meson mass 
2 Se AIA = | o sc ———à 2 a $s LA a SS SE 
Bombay è BIL S120875 264 + 17 936 + 53 
Piadena 1790 + 40. | Da 990 + 60 


Tbe fact that D remains constant along the whole track length facilitates 
the calculation of the noise, the application of the cut off and the calculation 
of the mean. For all these operations the values of D may be manipulated 
in the same way as in the calculation of scattering with constant cells on a 
high energy track. This facility breaks down in two cases: 


a) When distortion is present. If we wish to correct for the distortion 
from a known distortion vector, the corresponding sagitta must be calculated 
for each individual cell length. If the track to be measured is to be compared 
with steeply dipping tracks of the same direction in the plane of the plate 
these latter must be divided up into an equivalent cell set to give the same 
number of cells as in the measured track with the same progression. Both 
these methods are tedious. There remain only the analytical methods and the 
D? vs t3 plot. 

This problem has been neglected so far since the distortion could generally 
be considered as negligible compared to the scattering. This is no longer the 
case when long track lengths are obtained in stacks of stripped emulsions. 
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b) When the noise level increases with grain density. This effect should 
exist, although tests applied till now have not revealed it. Although these 
tests were made with small statistics, the fact that no effect was observed 
means that it must influence the scattering to less than 5%, and, if it is found, 
a small correction will suffice to take it into account. 

Finally we can consider the relative precisions of the constant sagitta 
method and the ionisation range methods for the determination of mass of 
slow particles. Since these latter depend essentially on the technique used 
and the precision of the calibration made, we can best do this by comparing 
published experimental data obtained by the two methods. 


TABLE II. 


(From reported masses of K-particles of Bombay, Bristol, Brussels, Milan and Paris groups). 


% Error on Mass % Error on Mass 
Length | Length [SS 55; 
(a) by (6) by | (a) by (b) by 
ee Scattering | Tonisation Bae Seattering | Ionisation 

1.3 31 | 26 | 5.26 | 16 | 13 
1.4 22 | 23 | 5.4 | 9 | 9 
1.52 23 | 31 | 5.67 | 20 | 13 
1.54 33 21 6.04 | 15 8 
1.985 25 | 23 | 8.56 | 14 | 8 

| 9.0 | 14 8 | 

3 | = | =. = | 
Mean 0-2 mm Da | 27 Mean 5-10 mm | 15 | 10 

| | E SSIS 
2.55 27 | 19 11.3 14 9 
2.55 23 | 22 | 13.7 15 | LI 
4.1 20 13 13.3 | 23 | 12 
4.95 18 | 9 32.0 12 | 10 
| 
te | 

i Mean 2-5 mm 22 16 Mean > 10 mm 16 | 10 


We see from the table that on the average the constant sagitta method 
gives as good a precision on tracks up to 2 mm length, but that the ionisation 
range methods are more accurate for longer tracks. Nevertheless the pees 
method is more useful in routine measurements since it does not require an 
elaborate calibration for each new plate or set of plates. 


14 - Supplemento al Nuovo Cimento. 
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Causes of Error in Scattering Measurements 
in Nuclear Emulsions. 


R. LEVI SETTI 


Istituto di Scienze Fisiche dell’ Università — Milano 
Istituto Nazionale di Fisica Nucleare - Sezione di Milano 


The measured deviations from a straight line for a track in a nuclear 
emulsion are due to a super-position of various effects. If one makes a scat- 
tering measurement by the coordinate method, the mean deviation, D, mean 
of a sufficiently large number of second differences, D;, between cells of 
constant length, t, is given by the relation: 


Di DI CE a. ar D, ’ 
in which DÎ, represents the contribution of multiple scattering, DÌ, is given 
by the noise level, and D’, is the mean sagitta of curvature whether due to the 
track or the translating stage of the microscope. 

The quantity D,, is a random variable, therefore with mean value 0; the 
quantity, D,, on the other hand, is a constantly increasing function of t. In 
some cases, | D|,, can also be a function of t, by way of one of its components 
depending on the measuring microscope. 

D,, 28 well as D, can be eliminated from D by various methods, but this 
procedure always introduces an error in the estimate of D,,, so important, 
in some cases, as to render the measurement meaningless. For this reason it 
is just these two quantities which define the upper limit of the energy measur- 


able by the scattering method. 


Noise Level. 


The noise-level, D,,, is defined as the root mean square value of the sum 
of three statistically independent errors: 


Da Sh Va; rara ’ 
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in which d, is due to the asymetric distribution of developed grains about 
the direction of motion of the particle; d, is due to the reading errors in de- 
termining the position of the track; and d, is due to the random irregularity 
of the motion of the translating stage of the microscope. 

The value of d, depends on the method adopted for the measurement and 
on the ionization of the particle. If the y coordinate of the track is determined 
by the position of. the center of a single grain, and r is the distance from the 
center of the developed grain to the direction of motion of the particle, one has: 


d, =7V6. 


The value of d,, for Ilford G5 emulsions, on a high energy track, is of the order 
of 0.07 u. If, instead of reading the coordinate of the center of a single grain, 
one determines the y of the center of gravity of grains, e.g. placing over the 


track the hair line of a micrometer ocular, then the value of d, is reduced 
according to the formula: 


2. rV6 
E 
PLN BAL? 


where è is the density of grains. It must be pointed out that with the use of 
this last method, one introduces a smoothing in the scattering measurement. 

The component d, of the noise level can easily be made negligible by re- 
peated readings: 


where n is the number of readings. With the use of a precision micrometer 
ocular, and working in the best optical conditions, one commits an error, d,, 
which is difficult to make less than 0.05 pin a single reading of the position 
of the center of a grain. 

The component, CR of the noise level is due to the deviations from recti- 
linear motion by the stage of the microscope. An analysis of the stage noise 
has been made on a Cooke 4000 microscope. The distribution of the second 


differences, nearly Gaussian, shows the random nature of the stage noise, due. 


probably to the irregularity of the surface of contact of the bed on which the 
stage carriage travels, and possibly to other random causes such as grains of 
dust or metal shavings which impede the advance of the stage. The value 
of |d|, for a stage noise of this nature is an increasing function of the cell 


length, t. Due to the effect of this component, also the total noise level, Dy aa 


— prioni 
ai 
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becomes a function of t. One can express D,, as: 
De 


The component d, depends strongly on the type of stage, on its wear, and on 
the maintenance: thus, the values of K as well as n must be determined empi- 
rically for every microscope. Values of n near 0.5 have been reported for 
Cooke and Leitz microscopes. 

A stage noise of random nature seems to be characteristic of the kinematic 
type stage, in which there is wear hetween a moving part and a fixed one; 
in the best microscopes of this type the value of d, is about 0.03 u for t of the 
order of 50 u, while it can reach a value of about 0.1 u and more, for cells 
greater than 500 u. For the stages utilizing a leaf spring suspension, one does 
not usually encounter a random stage noise; this can be replaced by a perio- 
dic displacement in y ot the floating stage, in relation to its directed motion. 
In the types recently constructed by KoristKa, y displacements uniformly 
less than 0.03 u have been measured, practically independent of #. 

It is important to point out that an apparent stage noise can be caused 
by the vertical motion of the micrometer focusing adjustment. Moreover, 
a notable source of error is the temperature effect, which should be eliminated 
with careful application of suitable precautions. 

From what has been said, it can be concluded that, using the best micro- 
scopes, the value of D,, that can be obtained on a high energy track, with 
single readings, is about 0.1 up. With repeated readings, and taking the coordi- 
nate of the center of gravity of about 20 grains, one can reach a value of DIA 
of 0.05 u. In this last case, the upper limit of the measurable energy is given 
approximately by the relation: : 

pb ti MeV/c, 
with ¢ in u (Voyvopic (!)), in which it was assumed that the scattering and 
curvature were negligible. If one imposes the condition: 


DID: — 4, 
then 
DP vias = “ MeV 1 


A widely used method for the elimination of the noise level is due to 


(Yo VOYVODIC: Progress in Cosmiè Ray Physics, p. 282 (1954). 
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MENON et al. (2). The value of D,, is obtained from the relation 


in which D, is obtained by using a «basic » cell length such that D, ~ D,,, 
and D, is obtained by using a cell length » times the «basic » cell length. 

The root mean square error on D,, which is derived from this procedure 
is given by the approximate relation: 


FRE 


n 1 


true for D,/D, > 2, and for a sufficiently large number of measurements. 


Curvature. 


If the translating stage of the microscope has a sagitta of curvature 6, 
in a motion of length 7, and if N is the number of cells into which T is di- 
vided in making the scattering measurement, then the mean deviation D, 
for t= T/N is given by: 


= 207 
DoS yay 

The quantity 6, can be measured, either directly with an interferometer, 
or else by utilizing the profile of a high energy track. In this latter case, one 
measures the sagitta at the midpoint of 7, placing the track parallel to the 
X movement, then one repeats the measurement on the track rotated 
through 180°. One-half the sum of the two observed values gives the sagitta 
of curvature of the stage, one-half the difference, the sagitta of curvature 
of the track. 

Assuming the scattering and the noise level to be negligible, the upper 
limit to the measurable energy, if no corrections are made, for a stage with 
radius of curvature o, is given by the approximate relation: 

Pb... = 510? 0/Vi MeV/c, 


ax —— 


(2) M. G. K. Menon, ©. 0’CragrarcH and 0. RocHat: Phil. Mag., 42, 932 (1951). 
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| with o and tin yu. The value of D, equals the best noise level, for 


D7, = Clo =0,05-u, 


from which, for example, taking a radius of curvature of 20 m, ‘De = Des : Af 
for t= 1000 u; but if one wishes to make the measurement with cells of . 
5000 u and neglect the curvature correction, @ should be greater than 500 m. 

If one eliminates the noise level using D, and D,, without taking the 


curvature of the stage into account, one obtains an apparent value of D*, 
equal to: 


= z ni—-1(/ 26,-\? 
D& = Di ge Se eee (aren ) 
in which N is the number of « basic » cells; this relation allows us to eliminate 
the error introduced by curvature, assumed to be given by 6,; if we make 
the hypothesis that the curve is the arc of a circle. x 
The error made by neglecting the curvature correction, for DI small com- ane 
pared to D*,, is given by: 


= 1 ni—1 207 \2 
D se = —. | —— : 
‘e gati Do 


The same considerations are obviously applicable to the case of a « 0» - 
distortion of the track. 
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Mesures de l’ionisation spécifique par photométrie 
des traces nucléaires. 


L. VAN Rossum 


Faculté des Sciences - Paris 


Différentes méthodes de photométrie ont été développées pour augmenter 
la reproductibilité et la précision des mesures de Vionisation des particules dans 
les émulsions nucléaires. Nous discutons ici l’utilisation de ces méthodes dans 
les différentes regions de l’ionisation spécifique, allant des traces (Z=1) au 
minimum d’ionisation aux traces des noyaux lourds. 


1. — Grandeurs mesurables. 


a) Nombre de grains par unité de longueur. (Interpolation dans les 
paquets de grains. Donne la statistique la plus riche). 


b) Nombre de paquets de grains ou de lacunes. (Nécessite la définition 
de la longueur minimum d’une lacune). 


ce) Longueur moyenne ou longueur intégrale des lacunes. (Donne l’in- 
formation la plus complete sur les lacunes). 


d) Largeur de la trace ou «largeur a bords rectifiés ». La largeur rectifiée 
est définie comme la largeur de la partie centrale de la trace, présentant une 
absorption moyenne supérieure a la moitié de celle dans l’axe géométrique 
de la trace. (Largeur a demi-hauteur du profil transversal). 


e) Nombre et longueur des rayons delta individuels. 
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2. — Sensibilité des différentes grandeurs à la variation de l’ionisation spéci- 
fique et sensibilité aux erreurs systématiques. (Variations du dévelop- 
pement, inclinaison de la trace, etc.). 


Pour les traces fines sont sensibles à une variation de l’ionisation: Le nombre 
de grains, de paquets de grains, de lacunes; la longueur des lacunes. Aussi _ 
la «largeur rectifiée » varie avec l’io- 
nisation (voir 4 bd). 

Dans la région des traces grises 


sont surtout sensibles: Le nombre de | 
paquets de grains ou de lacunes, la LE 
longueur des lacunes. i i 

si | 


Pour les traces noires (fins de traces | 
Z=1 et Z=2) varient le plus avec I LI 
l’ionisation: La longueur des lacunes ERE da 
et la largeur de la trace. 

Pour les traces lourdes: La largeur Fig. 1. — Profil transversal d'une section 
de la trace et le nombre ainsi que de 40a Coe se la trace dun 
énergie des rayons delta individuels. POR “re È 5 la ae no 3 LE ce 

È distance de la surface, dans une émul- 

Deux exemples pour la sensibilité gion Nford G5 600 u d'épaisseur. Helai- 
différente aux erreurs: Le nombre des rage ordinaire. « Obturation » d’envi- 
lacunes est moins sensible que la lon- ron 47 pour 100. 
gueur des lacunes a une variation du 
développement. La largeur de la trace est moins sensible que le nombre des 
lacunes è une inclinaison de la trace. 


3. — Principaux modes opératoires photométriques, utilisés jusq’ici. 


a) Mesure du flux transmis par une fente plus large que la trace [2, 6]. 


b) Définition photométrique de la largeur rectifiée de la trace au moyen 
du profil d’absorption transversal, obtenu par balayage transversal avec une 
fente fine. (Largeur de l’impulsion 4 demi-hauteur normalisée [3]. Méthode 
de la fente a largeur variable [4]). 


c) Mesure du flux transmis par une fente fine, dans l’axe géométrique 
de la trace. (Méthode de la hauteur de l’impulsion du profil transversal [5, 7]. 


d) Reproduction du profil d’absorption longitudinal [1, 7]. 


a. - TAI TEL wa we su e 
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CARI 4, — Sensibilité des différents modes opératoires aux différentes grandeurs me- 
surables. 


a) La méthode de la fente large est trés sensible aux variations de la 
largeur des traces noires et de la densité et de l’énergie des rayons delta des 
traces lourdes. Pour les traces fines et grises, elle donne, pour une certaine 


Fig. 2a. — Profil de la fente lumineuse, Fig. 2b. — Profil de la trace dans la 
sans trace. fente. 


Fig. 2. (*) — Profil transversal de la méme section de la méme trace que Fig. 1. Eclai- 
rage a fente lumineuse. « Obturation » d’environ 82 pour 100. L’augmentation est 
due a l’amélioration du contraste de l’image. 


variation de la densité de granulation, une variation relative du flux lumineux 
qui est plus faible que la variation du flux par la méthode de la fente fine (3 c). 


NM 


b) La définition photométrique de la largeur de la trace est utile, quand 
la largeur varie rapidement avec l’ionisation. On constate qu’il y a une va- 
riation de la largeur de l’impulsion (profil transversal) méme pour les traces 
fines et grises: Quand la perte d’énergie spécifique croît, des grains dont le 
centre est de plus en plus loin de la trajectoire (jusqu’è un rayon moyen d’un 
grain) deviennent dévéloppables. Mais le nombre de grains ou de lacunes ou 
la longueur des lacunes varient alors plus rapidement. 


c) La mesure du flux transmis dans l’axe de la trace (3 c) est la méthode 


la plus sensible a une variation de la longueur intégrale des lacunes; la va- 


(*) Note ajoutée sous presse: Ces oscillogrammes ont été obtenus avec l’appareil 
décrit par [7] au cours des essais préliminaires. Après mise au point du système 
optique et des circuits électriques, la précision de lecture est environ 5 fois meilleure 
que celle montrée ici. La reproductibilité est meilleure que 0,5%. 
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riation relative du flux est plus grande dans le cas de traces grises que dans 
le cas de traces fines. 


d) La méthode du profil longitudinal ne présente de l’intérét que sil y 
a un nombre suffisant de lacunes. Elle est appropriée au comptage des lacunes, 
des grains ou des paquets de grains. Elle est moins appropriée que la méthode 
de la hauteur de l’impulsion transversale 4 la mesure de la longueur des lacunes. 
Quelques avantages par rapport au comptage visuel sont exposés plus loin (6). 


5. — Sensibilité des différents modes opératoires aux erreurs systématiques. 


Les principales erreurs qui peuvent affecter les mesures photométriques sont: 


a) La variation du contraste de image avec la profondeur de l’objet 
dans la couche. 

Les deux méthodes qui utilisent la valeur absolue du flux (3 a et 3 c) sont 
soumises à cette erreur qui nécessite, dans les émulsions habituelles et si l’on 
utilise un éclairage ordinaire, des corrections de 30%, 50% et parfois 100% 
de la quantité dont le flux varie par la présecne de la trace. Ces corrections 
sont très souvent un multiple des différences d’absorption 4 mettre en évi- 
dence. Les mesures de la largeur de la trace ont été élaborées parce qu’elles 
sont largement insensibles a cette erreur. La méthode du profil longitudinal. 
est également indépendante de la variation du contraste. 


b) L’inclinaison verticale de la trace. 
Cet effet nécessite des corrections assez importantes (10% a 30% environ) 
dans les trois méthodes proprement photométriques (3 a, 3 b, 3 c). La méthode 
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Fig. 3. — Profil longitudinal d’une trace Fig. 4. — Profil longitudinal de la méme 
«fine ». Section de 40u de longueur, section de la méme trace que Fig. 1 et 
11 grains. Fig. 2; 9 lacunes de longueur supérieure 


à e (e environ 0,3 u). 


utilisant la fente large est toutefois un peu moins sensible que les deux autres, 
à cause de l’élargissement de l'image des parties de la trace qui se trouvent 
en dehors du plan de vision. L’inclinaison de la trace apporte une erreur aussi 
dans la méthode du profil longitudinal. 
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c) La diffusion multiple dans le plan horizontal. 
Le scattering horizontal affecte beaucoup les mesures utilisant la fente 
fine. La méthode a fente large et le profil longitudinal sont très peu sensibles 
au scattering. ; 


6. — Réduction des principaux causes d’erreurs systématiques. 


La correction tenant compte de la variation du contraste avec la pro- 
fondeur peut étre réduite d’un facteur 10 environ par un éclairage parti- 
culier [7]. 

L’erreur due a l’inclinaison de la trace peut étre évitée par l’emploi d’une 
platine basculante [7]. 

L’influence du scattering horizontal doit étre réduite autant que possible 
en diminuant la longueur des fentes. 


7. Comptage de paquets de grains ou de lacunes par la méthode du profil 
longitudinal [7]. 


a) Comptage des paquets de grains. 


Les grains dont le centre se trouve a une distance laterale de la trace supé- 
rieure a une certaine valeur, apparaissent dans le profil comme des impulsions 
moins hautes. Ceci est également le cas pour les grains se trouvant a une cer- 
taine distance verticale de V’axe de la trace (et du plan de vision). L’élimi- 
nation de toutes les impulsions inférieures a un certain niveau de discrimi- 
nation équivaut donc a une définition du volume exploré. Par déplacement 
optique, ce méme volume est placé, après chaque mesure, à gauche et a droite 
de la trace et le profil montre les grains du voile présents dans ce volume. 


b) Comptage des lacunes. 


Les lacunes plus longues que la longueur, dans le sens de la trace, de la 
petite surface qui effectue le balayage, apparaissent comme des impulsions 
qui descendent jusqu’au niveau « lumière ». Les lacunes plus petites donnent 
des impulsions moins profondes dont la profondeur varie dans le méme sens 
que la longueur de la lacune. L’élimination de toutes les impulsions qui ne 
dépassent pas un certain niveau de discrimination, équivaut à une définition 
de la longueur minimum des lacunes comptées. 
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SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 2, 1954 


E° Magnetic Deflection in Nuclear Emulsions, 


M. MERLIN 


Istituto di Fisica dell’ Università - Padova 


In order to have more information on the particles which leave visible 
tracks in the emulsion, a number of workers [1] have exposed nuclear emuls- 
dI può, ,-) ions in magnetic fields. From the deviation of 
yy the particle the sign of its charge may be de- 
Pa termined if the direction of motion of the part- 
wee icle is known. In addition, from the radius of 
curvature 0, one may obtain the momentum 
p = HoeZ, if the charge, Z, of the particle is 
known. In order to determine the mass of the 
- particle another parameter is required viz. 
pe range, Xone) 
The momentum of the particle requires a 

a much greater precision than that required to 
Aes determine the charge (+). 
Fig. 1. The problem depends basically on the eva- 
luation of the radius of curvature o and this. 
may be determined precisely only if: 
a 1) the magnetic field is high; 
2) the path length, t, in the magnetic field is long; 
3) the scattering in the medium is small in comparison with the mag- 
netic deflection. 


or ionization. 


\ 


1. — Discussion of points 1), 2) and 3), 


1) The magnets that have been constructed for Wilson cloud chamber 
research may be used to obtain a magnetic field of ~ 30000 gauss in a volume 
of 100-150 cm*. In order to obtain a larger field strength a special electro- 
magnet must be constructed, and this entails a number of difficulties, viz. 
power supply, cooling, etc.. 
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The largest magnetic field that could be obtained by a magnet that we 


have recently constructed, was 55000 gauss [2]. 


2) To increase the path length, thicker and thicker emulsions (up to 
1200 Lu) have been used. The new developments in stripped emulsion technique 
offer a new means by which the path length may be increased. 


3) In order to decrease the effect of multiple scattering in deflection 
measurements, the following two solutions may be considered: 


a) The use of diluted emulsion. In effect the multiple scattering 
constant would be reduced; however the accuracy of determining the mo- 
mentum by means of magnetic deflection will only be comparable with that 
obtained by the scattering method, if magnetic fields of at least 200000 gauss. 
could be employed. 


b) The use of the «magnetic sandwich». (A «magnetic sandwich » is 
composed of two emulsions separated by an air gap at low pressure). In this. 
case the magnetic deflection occuring in the air gap, is well determined since 
the multiple scattering in the gap is negligible. 


2. — Discussion of the techniques of measurement. 


Two distinct methods have been developed: that of the sandwich, dealing 
with the magnetic deflection in air, and that of thick emulsions, dealing with 
the magnetic deflection in the emulsion itself. We will now consider briefly 
the limitations and advantages that each method presents. 


2°1. The method of the sandwich. — With this method nuclear plates are used 
to indicate the passage of the particle through the sandwich, and must give 
an accurate measure of the angle a, 
between the directions of entrance and 
exit in the two plates. On increasing 
the air gap the accuracy of the determi- 
nation of « may be increased, but because 
of difficulties in following the tracks 
through, the distance between the two 
emulsions is limited to less than 3 mm. 
In order to determine the value « with 
a reasonable precision, the energy of the Fig. 2. 
particle must be small (less than ~ 20 MeV). 

Distorsion of the emulsion however, may easily reduce the accuracy obtain- 
able by this method. For small angles of dip, less than ~ 10°, the effect of 
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the distortion on mass measurements is not very great, but for greater angles 
of dip the distortion may completely invalidate the measurement. 
The curves of the following figure 


0 
i illustrate clearly the effect of distorsion 
2 in mass measurements. Fig. 3 shows 
2 roughly the dependence of the ratio, 
; = observed mass to true mass, on the angle 
pees of dip and the distorsion. Curve «b» will 
di correspond to high, curve «a» to normal 
0,2 distorsion. Exact curves can be found 
Sh, O o © O °) 2 [DL 
° Li 20 E The above considerations tend to 
Fig. 3. restrict the possibility of momentum 


measurements by this method. Never- 
theless for particles near the end of their range and having small dip angles 
an error in the momentum measurement of even less than 10%, is possible. 
The method may be effectively applied in the determination of the 
charge (+). 


2:2. The method of the magnetic deflection in the emulsion. — This method 
proposed by ©. C. DitwortnH, S. J. GOLDSACK, Y. GOLDSCHMIDT-CLERMONT 
and F. L&vy, is apt only for the determination of the charge of the particle. 

The magnetic deflection of the particle is +, according to the sign; a 
probable deviation due to multiple scattering is superimposed on this de- 
flection, and this results in a gaussian distribution of « about a mean value, 
%m, Aue to magnetic deflection. This distribution may be calculated if one 
knows the nature and energy of the particle. From the experimental value 
of «x one may determine the probability that the particle be positive or negative. 

The precision with which the sign of the particle is known is determined 
by following equations: 


tH t Ln — 
Xmagn = K ; Xscatt AG si = = c'HBVt ti 
0 pp Lee 


The authors stipulate that «,/«,>1. This means that for f <1, the 
method is inefficient since very long tracks are necessary. On the other hand, — 
when the momentum p is very large the method is limited by the experimental 
difficulty of measuring very small angles. Here it is obviously extremely 
important to have plates with small distorsion. 

The possibility of long track lengths in stripped emulsions should permit 
an even greater accuracy. 


Since the efficiency of the two methods depends on several factors, it is 
difficult to set for them definite limits of applicability. However, as a rough 
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guide, we can state that for the sandwich method, for particles at end of range 
with dip — 10°, with gap of 2-3 mm, 30000 gauss and low distorsion a mass 
value can be obtained with an error of 10%. 

Deflection in the emulsion, with 30000 gauss, low distortion and track 
lengths of the order of 2 cm, allows to determine the sign of the charge of 
heavy mesons in the energy range of 200 MeV to 2 GeV with a probability of 
over 80%. 


REFERENCES 


[1] I. BARBOUR: Phys. Rev., 76, 320 (1949); C. FRANZINETTI: Phil. Mag., 41, 86 (1950); 
Y. GOLDSCHMIDT-CLERMONT and M. MERLIN: Nuovo Cimento, 7, 220 (1950); 
M. MERLIN, B. VirAaLE and Y. GOLDSCHMIDT-CLERMONT: Nuovo Cimento, 9, 
421 (1952); C. C. DiLwortH, S. J. GOLDSACK, Y. GOLDSCHMIDT-CLERMONT 
and I. Livy: Phil. Mag., 7, 1032 (1950); C. C. DirwortH and S. J. GOLDSACK: 
Nuovo Cimento, 10, 926 (1953). 

[2] M. MERLIN and G. Somepa: Nuovo Cimento, 11, 73 (1954). 

[3] M. Meruin, B. ViraLe and Y. GOLDSCHMIDT-CLERMONT: Nuovo Cimento, 9, 421 
(1952). 


15 » Supplemento al Nuovo Cimento. 


N 
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Technique of Nuclear Emulsions. 


A. BoNETTI and G. OCCHIALINI 


Istituto di Fisica dell’ Università - Milano 
Istituto Nazionale di Fisica Nucleare - Sezione di Milano 
Laboratoire de Physique Nucléaire - Université Libre - Bruxelles. 


In this account, the fundamental points touched on during a series of talks 
on the technique of nuclear emulsions at the Varenna school are discussed. 
No effort has been made to weigh it down with details of techniques and 
operations whieh are at the disposal of the students of the school who desire 
details. 

It is well to note the importance of knowing the instrumental limitations 
of the nuclear emulsions, and to accept them scrupulously when one is making 
refined measurements, such as those relative to the velocity and the mass 
of fundamental particles. These measurements are concerned, not only with 
the number and the distribution, but also with the shape and the density of 
the silver grains along the track of the ionizing particles; the fundamental 
requirements relative to the physical and photographic properties of emulsions 
and the methods of manipulation are derived from them: 


1) Sensitivity to ionizing particles and to their variations in velocity 
(stopping power, discriminating power, sensibility to the development) ; 


2) Uniformity and flexibility of the developement; 


3) Reproducibility of the geometrical conditions of the exposure. 


1. — The first point is almost completely out of the direct control of phy- 
sicists, since in most cases, one has to do with industrial products. None the 
less, some work has been done by physicists and physical chemists who have 
studied directly the manufacture and sensitizing of nuclear emulsions. Among 
this work some points constitute a point of departure for future progress. 
(e.g. ultra fine grain of Demers). 

The existing emulsions offer a range of sensitivity which may be considered. 
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satisfactory; their stopping power and Scattering properties can be mo- 
dified within certain limits (dilute emulsions), permitting a certain elasticity 
toward high as well as low energies. Not so satisfactory is their discriminating 
power. Moreover, although it is commonly accepted that uniform conditions 
of sensitivity and homogeneity esist always in emulsions, this has not as yet 
been proved by careful observations. 


2. — The information that can be furnished by an emulsion of given com- 


position and sensitivity depends on the processing in its various phases: de- 
velopment, fixing, washing. 


a) A development uniform in all points and the greatest possible diseri- 
mination is required. 

The means generally used to insure uniform development across great 
thicknesses requires a temperature change, and for this is needed a developer 
whose reaction rate depends strongly on the temperature and which speedily 
penetrates. A developer in wide use is Amidol in its acid form: it is possible 
that this is the best but it has not been proven. There exist, for example, 
other developers of the same family, but they are not available, having fallen 
into disuse in normal photographic technique, either because of their price, 
or because of their bad conservation properties. There are various acidifying 
agents, several weak, such as sodium phosphate and boric acid, others more 
active such as bisulfite. The weak acidifiers insure a good buffering; but 
systematic studies have not been made of the secondary effects on the deve- 
loper of the particular acid used. 

Also the optimum quantity of the sulphite is unknown, and an analogous 
situation exists for the Amidol. Indeed the amounts suggested by photo- 
graphic treatises have been used without critical examination. Only a moment 
of reflection is needed to realize that the quantity of developer needed to give 
an optical image is certainly greater than that required in nuclear emulsions 
where, at least in exposure to cosmic-rays, the optical densities are very low. 

Recently, in fact, it has been found that the amount of Amidol generally 
used is at least five times greater than that necessary to develope a track. 
This signifies coloration, loss of transparency, loss of discrimination. These 
observations show that a little systematic research will lead to important 
results. 

Some improvement might come from metheds of physical development, 
but up to now no routine for their application to thick emulsions has been 
established. On the other hand, it is possible that an ideal developer may 
be found in the future to consist of a mixture of two developers, of which 
one would function as the detonator and the other as the explosive. It is pos- 
sible that some of the problems may be resolved by the progressive improve- 
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ment of the emulsions (see § 1): for example the sensitivity to the develop- 
ment seems to increase with the passage of years so that a lower tempe- 
rature can now be used in the hot phase, with the advantage of slowing down 
the oxidation of the developer and avoiding the softening of the gelatin. 
Some evidence exists that the emulsions more sensitive to the development 
are also more easily subject to the phenomena of corrosion which accompany, 
sometimes, the fixing stage (see sub-paragraph bd)). 

The problem of gradation, typical in normal photography technique, is 
also found in nuclear photography, as the problem of discrimination. An 
increased discrimination can be obtained by various methods. The most 
obvious is to use a weak developer: starting with an Amidol base developer, 
this can be done by acidifying, by reducing the percentage of Amidol, by low 
temperature development. In particular applications the exposure can be 
made at low temperatures, or with wet emulsions. 

A method which increases the discrimination, mainly at high densities 
consists in an underdevelopement followed by an intensification. On the 
other hand, it has not been possible up to now to apply in a reliable way the 
inverse process (reduction) in order to obtain the same results. 


b) Admitting that the process of the formation of silver grains has been 
uniform in the various points of the emulsion, it is necessary that the processes 
after development ensure the conservation of the grain structure and the uni- 
formity of optical conditions: one should, that is, avoid corrosion and ensure 
transparency. 

In general it is wise to operate at low temperatures during the process of 
fixing and the successive one of washing. The concentration of hypo is not 
critical and currently the one suggested for photography is used. Coloration is 
diminished by the use of acid fixing, which however gives more cloudiness 
in the bottom of the plate. When it is desired to resort to the operation of 
refixing, it is useful to dry previously, to obtain the clearing without distort- 
ion, because of the strains which accompany the passage of the emulsion 
from the water to a saline solution. It is true that a long stay in cold water 
tends to stabilize the structure of the emulsion, but no systematic studies. 
allow us to say with certitude that this process is as safe with regard to 
distortions as the process of refixing dry emulsions. 

The problem of corrosion, or the «eating up» of grains starting in the 
early stages at the surface, sometimes leading to the complete destruction of 
the tracks, is still open. Different laboratories working with the same emuls- 
ions and using apparently identical procedures find different degrees of cor- 
rosion. Corrosion is still a nightmare for exposures that are difficult to repeat. 
Taking into account the fact that the phenomenon is surely related to the 
manufacturing process of the emulsions, one can see that the situation is 
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complicated by a combination of factors. We can summarize briefly in this 
way: — clean thiosulphate when neutral corrodes grains much less than when 
acidified ; — the presence of silver bromide in solution during fixing has a 
protective action on the developed grains, which increases with the concentration 
of silver bromide; — acid thiosulphate in the presence of an excess of silver 
salts is a better protector of the grains than neutral hypo in the same con- 
ditions. About the mechanism of this action we know nothing. It seems that 
corrosion is a complicated function of both concentration of silver salt and 
of acid in the solution. 

Acid thiosulphate is therefore to be preferred only if used with a sufficient 
quantity of silver salts (less than saturation). The disagreements between 
the results from different laboratories can at least in part be attributed to the 
difference in the dissolved silver which the various procedures allowed to 
subsist during the more or less frequent changes of solutions. Paradoxically, 
one can say that the experimentalists who are more careful to use fresh solutions 
ruin emulsions more easily than others. If this conclusion is correct, it is 
not wise to use a great quantity of thiosulphate. 

Finally, it seems that corrosion is attenuated if the developement is not 
performed in an explosive way. This conclusion however is perhaps limited 
to some particular series of emulsions. 


c) From the moment in which, during fixing, the framework of silver 
bromide crystals begins to be destroyed, the gelatin undergoes a considerable 
swelling which subjects it to dangerous strains, particularly when the emuls- 
ion passes from the very concentrated fixing solution to the washing bath. 

For this reason it is useful to begin the washing with a progressive dilution 
at low temperature, and with a prudent utilization of substances such as 
sodium sulphate which pievent excess swelling. Also following with baths 
of water and glycerine in decreasing concentrations helps to limit swelling 
and strains. 

Since the rough washing in running water is done with the alkaline tap 
water, the last washing should be done in distilled water. The tendency of 
the emulsion to swell during the passage from tap to distilled water can be 
reduced by acidifying the distilled water with acetic acid, which has the 
additional advantage of aiding in the elimination of residual carbonate in 
the interior of the emulsion. 

The elimination of hyposulfite is facilitated by the presence of sodium 
chloride in the last washing water. 


3. — Distortions: the best thing is to avoid having them. When they are 
present it is possible to correct for them: but one should realize that up to 
now the methods applied assume gradual and regular distortions: in the 
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methods of direct measuring, it is essential that there be no slips at the glass- 
emulsion contact, as are often seen with stripped emulsions. 

Also, the hypothesis often made that distortion is grater for inclined tracks 
than for horizontal tracks is not always valid. 

In the future, it will perhaps be necessary to expose the emulsions to narrow 
beams of very high energy particles from accelerators, in order to control 
effectively the deformation of the gelatine. 

A part of the distortions can be attributed to the manufacture: an « an- 
nealling » of the emulsion can attenuate this in great part. Other distortions 
originate during the various phases of the processing and can be minimized 
as already pointed out, using low temperature and avoiding sudden changes 
in concentration in the passage from one bath to the next. 

The most apparent distortions originate during the drying, and are in part 
general, in part localized: they are related to an uneven coutraction of the 
gelatine. It is possible to attenuate this effect hy reducing the shrinkage factor. 
This is achieved by impregnating the emulsion with plasticizing substances 
such as glycerine, sorbitol, resins, etc.. 

Distortion during drying can be avoided by carefully eliminating the water 
in the most uniform way. This is obtained by evaporation helped by radiation, 
or by a gradient of temperature or humidity, or by immersion in alcohol 
solutions of increasing concentration. To avoid edge effects the emulsions 
should be dried inside a circle of guard rings. 

A new type of systematic and random distortion appears in stripped emuls- 
ions, depending on the particular technique followed in the mounting. The 
method, still in evolution, demands a series of cautions since part of the de- 
formation can not be treated by the usual methods, whether analytic or geo- 
metrical. 

A few observations on the hanglind of the emulsions after processing: 


1) Protection: the protection of the emulsion is useful in order to 
maintain the moisture content (this conserves the thickness and prevents the 
separation of the emulsion from the support, and mechanically protects the 
surface). This can be done by covering the emulsion with immersion oil and 
spreading over this a thin sheet of mica or glass fixed at the edges with varnish; 
more simply, one can cover the entire emulsion with a transparent varnish, 
not very soluble in common solvents and non-hygroscopic. The varnishing 
can be done by immersion or by spraying. 


2) Marking events: an easy localization of events is made by applying 
a set of numbered squares to the emulsion. This can be photographed on 
an ordinary negative to be placed on three supports fixed to the emulsion, 
or can be applied permanently to the glass or the surface of the emulsion, or 
photographed directly on a thin emulsion spread on the glass backings. A 
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system of localization of this type may eventually replace the usual coordinate 
readings. 


3) Mosaics: no particular progress in the technique of photo-reproduction 
of events. Micro-photography and projection are the methods employed, 
usually with the aid of a variable slit. The long and painstaking work of 
making the mosaic can be reduced to a few minutes by using paper kept 
flexible in a bath of a solution of water and glycerine; the mosaic itself can 
be conserved indefinitely, once the water has been eliminated, by spraying 
with a transparent varnish. 


PARTE SECONDA 


SEZIONE II 


Proposte di standardizzazione e tavole numeriche. 


Recommendations for the Standardization of Measurements 
in Photographic Emulsions. 


Introduction. 


In that a number of specialists from various nations were present at the 
School it was decided to organize a general discussion on methods in use in 
photographic plate technique. 

For the purpose a committee was organized and several meetings were 
held with the result that a number of recommendations were adopted. It was 
also decided to make available certain tables for general use. 

The committee had in mind in particular the work to follow on plates 
exposed during the Expedition in Sardinia in 1953, but because of the general 
nature of these recommendations and tables it seemed worthwhile to make 
them available through their publication. 

The Committee was composed of the following persons. Their names have 
been listed in alphabetical order: 

AMBROSEN, A. BONETTI, G. CortINI, M. DELLA Corte, C. DILWORTH, 
Y. GOLDSCHMIDT-CLERMONT, K.GOTTSTEIN, D. HIRSCHBERG, R. LEVI SETTI, 
E. MANARESI, A. MANFREDINI, M. MERLIN, G. MIiGNONE, D. MoRrENO, G. Oc- 
CHIALINI, C. F. PowELL, G. TOMMASINI, L. VIGNERON, C. WADDINGTON, G. 
T. ZORN. 

The recommendations were examined again and modified at the Padova 
Conference in April 1954 (*), by a committee including: 

C. DitwortH, M. FRIEDLANDER, Y. GOLDSCHMIDT-CLERMONT, KR. GoTT- 
STEIN, B. GREGORY, D. HIRscHBERG, A. MANFREDINI, M. MENON, D. MORELLET, 
G. OCCHIALINI, C. O’CEALLAIGH, CH. PEYROU, G. VANDERHAEGE and C. WALLER. 


(*) See Supplemento to Vol. XII, Ser. IX, of Nuovo Cimento, n. 1 (1954) [in 
the press]. 
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In appeared from the results presented at the Padova Conference that a 
standardization of the methods of measurements will greatly improve the: 
comparisons between results of various laboratories. 

The methods used at present for the measurements in photographic emuls- 
ions are the subject of detailed investigations that will undoubtedly improve. 
their accuracy and reproducibility. Pending the results of these investigations, 
it is agreed to recommend certain methods of measurement as provisional 
standards. While it is fully realized that some of the methods recommended 
as standards are controversial, it is the unanimous opinion of the commission, 
however, that the use of standardized methods is essential in the type of 
investigations carried out to-day, where results of many laboratories have to: 
be combined. 

To enable the various groups to suggest improved methods as standards. 
as they become available in the future, it is suggested that the various groups 
using photographic:emulsion technique should keep in close contact to exchange: 
information on improvements in the methods of measurement. It is agreed 
that all information will be centralized and distributed by a secretariat, or- 
ganized by Y. GOLDSCHMIDT-CLERMONT of the European Council for Nuclear 
Research in Geneva. 

It will be the task of this secretariat to centralize and to circulate inform- 
ation and suggestions received from the various groups. 


Recommendations. 


1. — Use of the Standard Methods. 


It is recommended that all publications include results obtained using the 
standard procedure described here. In addition, results obtained by other 
methods that may be preferred by individual groups can also be included in. 
the same publications. 


2. — Single Events. 


Whenever a short description is given of a single or « new » event, it is: 
recommended that all possible details of the observations made be included in 
the publication. The purpose of this is to enable other workers in the field 
to obtain an accurate picture of the event and of the significance of the ob- 
servations. Details that migth be mentioned are for example: the distance of 
track from cut or processed edges, the length by plate and the dip for various. 
plates, information about the distorsion, depth, clarity of plate etc.. 
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3. — Calibrations. 


It is recommended that individual calibrations be always made. The use 
of calibrations from other laboratories or from other plates than those actually 
used in the measurements is strongly discouraged. The publications should 
always contain a detailed account of the calibrations made. 


4. — Tables. 


Tables of energy, range, 6, momentum VIS b?, pb, time of flight for pu, x, 
+, p and H are given in the article which follows. 


5. — Multiple Seattering Measurements. 


a) Calculation. — The standard method for the measurement of scattering 
is based on the calculation of the arithmetic mean of the second differences 
obtained from non overlapping cells with a rigorous cut-off at four times the 
mean. The cut-off procedure must be repeated until the final result is un- 
changed. The value of the mean angle of scattering thus obtained should 
always be given (see f). 


b) Scattering Constant. — The scattering « constant » corresponding to four 
times the cut-off should always be used whether there are second differences 
to be eliminated or not. The values of K based on Moliére’s theory are given 
by curve d reference [1] for 4 times cut-off. In the absence of any calibration 
measurements this curve should be used, but an additional error of 8% should 
be included in the finally quoted error.. This additional error arises from the 
possible departure of the constant appropriate to the experimental conditions 
from that given by curve b; as appears to be indicated by the various cali- 
bration experiments that have been reported [2]. 

If the investigators have carried out calibration experiments on known 
particles under similar conditions, the constant obtained from these experi- 
ments may be employed. The value of the constant used and the errors of 
the calibration experiments should be clearly stated. 


c) Noise Elimination. — The elimination of noise between the measure- 
ments at two different cell lengths is recommended. The smaller cell length 
should be taken such that the apparent scattering is due practically only to 
noise, the larger to give four times the noise. 


Aa 
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d) Distorsion. — The results of the measurements of multiple scattering 
should always include the values obtained without correction for distorsion. 
In order to obtain an idea of the magnitude of the distorsion, the methods of 
third differences either, and of cross products should be employed. 


e) Errors on Scattering Measurements. — All errors quoted are standard 
deviations. The statistical error is taken as 0.75VN,, where N, is the number 
of measurements on non-overlapping long cells. The error of the noise level 
is (e/D)?-(0.76)VN,), where e is the sagitta of noise, D is the second diffe- 
rence on the long cells and N, the number of measurements on non-overlap- 
ping short cells. 

Systematic errors such as that introduced into the measurement by the 
curvature of the stage or distorsion of the emulsion must be taken into account. 


f) Consistency. — It is suggested that the internal consistency of the 
measurement be checked by comparing the mean value of sections of the track, 
preferably in the various plates traversed. The magnitudes of the fluctuations 
observed should be quoted. The number and magnitude of the second differ- 
ence eliminated by the cut-off procedure should be indicated. 

In the elimination of noise, if inconsistent results are obtained taking dif- 
ferent combinations of cells, this should be indicated. 


g) Constant Sagitta Method [3,4]. — This method is recommended for the 
measurement of mass by scattering for particles which stop in the emulsion. 
The cell schemes contained in the tables of GoTTSsTEIN should be used. 


6. — Ionisation Measurement. 


The method of the mean gap length measurements (O’CEALLAIGH [5]) is 
recommended provisionally as the standard procedure, as it appears to be 
independent of the size of the grains. Further details on the use of this method . 
and on the calibrations needed will be circulated by the secretariat. Since 
ionisation measurements are of comparison type, the calibration should be 
carried out using tracks with a similar value of ionisation at approximately 
the same depth in the same plate and in the « vicinity » of the event studied. 
The definition of «vicinity » must be given. Statements about the opacity 
of the plates and on the development gradient are requested. 


7. — Range Energy. 


In the low energy region (up to 1mm proton range), the curve of VI- 
GNERON [6] or the equivalent table of GorTsTEIN should be used. 
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Between 1 mm and 100 MeV, the curve of VIGNERON and the table of 
GOTTSTEIN can be approximated by the following power law: 


E CSS ko R°588 
(E in MeV, & in microns). 

For energies higher than 100 MeV the secretariat will shortly circulate the 
curve used by the Bristol Group, based on a yet unpublished Berkeley mea- 
surement (Protons of 342.5 MeV, range 92.68 g at an emulsion density of 3.815). 

It is recommended that the stopping power of the emulsion (the value 
of k) be checked by the measurement of ranges of u-mesons resulting from 
m-u decays. Alternatively, the stopping power can be deduced from the den- 
sity of the emulsion measured at the time of exposure. 

The original emulsion thickness should either be measured at the time 
of exposure or deduced by the methods found for instance in [7] and [8]. 
Attention is drawn to the fact that emulsion thickness varies appreciably 
with atmospheric humidity before and after processing. 


8. - Frequencies. 


Scanning. — It is recommended that scanning methods be always indicated 
in order to obtain consistent evaluations of the frequencies of rare events. 


Decaying Particles. — The frequencies of decaying particles found in normal 
scanning are subject to the visibility of minimum ionisation tracks. It is 
therefore recommended that in publications dealing with decaying particles 
found in this way the ratio of 7-p.-e to m-u or u-e decays to p observed in the 
same plates be given. 


9. — Available Track Length. 


In order to accumulate information for the determination of lifetimes and 
interaction lengths it is important to state the actual path length traversed 
by the particles before decay on interaction, and the path length it would have 
traversed in the stack before escaping if it had not suffered decay or interaction. 


10. — Reported Events. 


For the events already reported or published, it is suggested that the various 
groups should communicate to the secretariat, for circulation, the results ob- 
tained when an analysis is made using the standards adopted here. 


de cid 
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11. — Masses. 


When giving mass values, please indicate the values used for the masses 
of the ~ and u mesons. 


REFERENCES 


[1] K. GorTTSsTEIN, M. G. Menon, J. MuLver, C. 0°CrALLAIGH and 0. RocHaT: Phil. 
Mag., 42, 708 (1951). 

[2] M. J. BERGER: Phys. Rev., 88, 58 (1952). 

[3] S. Biswas, E. C. GrorGE and B. PeTERS: Proc. Ind. Acad. Sci. 38, 418 (1953) 

[4] C. DirworrH S. J. Gotpsack and L. HrrscaBERG: Nuovo Cimento, 11, 113 (1954). 

{5] C. O’CrALLAIGR: Proc. Roy. Soc., (January 27th, 1954) and Proceedings of the 
Bagnères Conference. 

[6] L. VIGNERON: Journ. de Phys. et le Rad., 14, 145 (1953). 

{7] D. Lar et al.: Proc. Ind, Acad. Sct. (1953). 

{8] M. W. FRIEDLANDER, D. KeErEe, M. G. K. Menon and M. MERLIN: Phil. Mag., 
45, 533 (1954). 


SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 2, 1954 


Numerical Tables 
of Relations frequently Used in Nuclear Emulsion Work. 


H. Fay, K. GoTrTsTEIN and K. HAIN 
Max-Planck-Institut fiir Physik - Gottingen 


In Tables I-V are tabulated as -a function of residual range È (in dry 
Ilford G5 emulsion) the kinetic energy £, the relativistic factor V1— f?, the 
velocity B=v/e, the quantities pe and pf (p, momentum) and the time 7 after 
which the particle will have come to rest in its own frame of reference, for 
u-, T-, T-mesons, protons and hyperons. 

The range-energy-relation for protons on which the tables are based was 
derived anew from the experimental values given by BRADNER, SMITH, BARKAS 
and BisHop (1950), RoTBLAT (1951), and CATALA and GIBSON (1951). This 
was considered necessary since the relation derived by BRADNER et al. and 
widely used by research-workers in recent years (E/MeV= 0.251: (R/j)%58?) 
was found to be affected by the inclusion of one experimental point (at 
16.4 MeV) which the authors themselves suspect to be unreliable. Omitting 
this point, and taking into account the difference in stopping power between 
C2- and G5-emulsions by reducing all ranges by 1% (ROTBLAT (1951)), one ob- 
tains for R > 700 uw: 


R\.568£0.003) 
(1) E]MeV = (0.281 + 0.005) (7) : 


(u, abbreviation for « micron »). 

None of the remaining points deviates from this relation by more than 0.7% 
in range. This is in complete agreement (*) with the relation following from 
the calculations of VIGNERON (1953) which may be expressed as 


R 0.568 
E/MeV = 0.2806 (=) 
Mu 


(MENON and O’CEALLAIGH (1953)). 


(*) Equ. (1) was obtained before the results of VIGNERON and MENON and O’CEAL- 
LAIGH were known to us. 


NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETC. 235: 


Although the experimental points on which (1) is based extend up to kin- 
etic energies of only 40 MeV it is possible to use (1) for much higher energies 
without introducing serious errors. The exponent in (1) is slowly approaching 
unity as the specific energy-loss approaches a constant value. But at a range 
of 1 m the error in energy is still smaller than 10%. This follows from the 
experimental relation between grain-density and energy (FowLer, 1953), 
assuming proportionality between energy-loss and grain-density (FOWLER, 
1950). 

For R< 700 uw the energy values given by ROTBLAT (1951), again reduced 
by 1%, were used. 

The range-energy-relations for u-, 7-, t-mesons and hyperons were then 
derived from that for protons according to the relation: 


R\  {Ei\= Me 
(E) (F- Mp 4 Was Ms 


The following mass values were assumed (*): 


Particle i u T 15 E NA 
M (electron-masses) 207 273 963 1837 2340 


The numerical calculations were carried out by Gl, one of the Gottingen 
electronic computors (BIERMANN et al., 1953; BIERMANN and BILLING, 1953). 
The number of digits in the values of E was chosen in such a manner that 
the error introduced by rounding off remains smaller than the experimental 
error (~1%) for low energy protons (RoTBLAT, 1951). For higher energies 
only the first three digits are significant. 

The quantity 7 was calculated by evaluation of the integral 


Se — pdR 
D tia ion 


using Simpson’s rule, and setting arbitrarily A=2 4. The magnitude of the 


(*) The proton mass value is the one quoted by FERMI (1950), the proton x-meson 
and proton u-meson mass ratios were taken from the measurements of SMITH, BIRN- 
BAUM and Barkas (1953). The masses of the t-meson and hyperon (Y) result if one 
assumes the following decay schemes: 


Tg > 3x+ 73.5 MeV 
Y> PR + 04 120 MeV 


(Report on the Congress international sur le Rayonnement Cosmique, Bagnères-de-Bigorre, 
1953). 

Note added in proof: In a recent publication by DumoNb and CoHEN (1953) the 
mass of the proton is given as 1836.13+0.04 electron masses. The error introduced 
into our calculations by using the value 1837 instead of 1336 is, however, negligible. 
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constant f(A) was then estimated by plotting the value of the integral as a 
function of R and extrapolating towards R=0. 

Tables VI-IX show cell-size «schemes » (cell-size: t) for the mass deter- 
mination of particles coming to rest in the emulsion, using the « constant- 
sagitta-method » of measuring scattering. (DILWORTH et al., 1953; BISWAS 
et al., 1953). A constant sagitta D= 0.5 4 was chosen, since the second 
difference due to «noise » for an experienced observer working with a good 
microscope stage is of the order of 0.1 uw, the « signal to noise ratio» thus being 
sufficiently large. The reduction of the scattering constant by the application 
of a «4D-cut off » procedure, and its variation with cell-size and energy were 
taken into account according to Moliére’s theory (GOTTSTHIN et al., 1951). 
‘The effective range R,,,, for which the cell-size t, was calculated from theory 
was derived recursively from the equation 


Rye = (R, + RB, ,1)/2 5 


Vert 
F, and R,,, being the «ranges » of the end-points of the »-th cell. 

The «schemes » were calculated for protons, t- and z-mesons. They may 
also be used for particles of different masses M;. In first approximation the 
following relation will hold for singly charged particles: 

Re M, \0.8 
Dj = Mod x 

For comparison, a «scheme» giving D= 1.0 4 was also calculated for 

protons (Table VII). 
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237. 
TABLE I (*) - yu M=207m,. 

E (a) | E(MevV)| V1—8 B pe (MeV) |pR(MeV/e)| 7 (10-2 s) 
2 0.133 0.99874 0.05014 5.301 0.265 0.0001 
4 0.212 0.99799 0.06327 6.694 0.423 
6 0.274 0.99740 0.07202 7.625 0.549 0.0003 
8 0.329 0.99688 0.07887 8.354 0.658 
10 0.380 0.99641 0.08460 8.966 0.758 0.0005 
15 0.484 0.99542 0.09551 10.13 0.967 

20 0.579 0.99453 0.10437 11.08 1.156 0.0009 
25 0.664 0.993 74 0.11169 11.86 1.325 

30 0.739 0.99304 0.11776 12.52 1.474 0.0012 
35 0.809 0.99238 0.12315 13.10 1.613 

40 0.874 0.99178 0.12793 13.62 1.742 0.0014 
50 0.998 0.99062 0.13658 14.55 1.988 

60 1.110 0.98959 0.14386 15.35 2.208 0.0019 
70 1.219 0.98857 0.15070 16.09 2.426 

80 1.320 0.98765 0.15664 16.74 2.623 0.0024 
90 1.410 0.98682 0.16179 17.31 2.801 

100 1.492 0.98606 0.16637 17.81 2.964 0.0028 
110 1.575 0.98529 0.17083 18.30 3.128 

120 1.655 0.98456 0.17501 18.77 3.285 0.0031 
130 1.732 0.98385 0.17894 19.20 3.437 

140 1.807 0.98317 0.18266 19.61 3.583 0.0035 
150 1.879 0.98251 0.18618 20.01 3.725 

160 1.949 0.98187 0.18953 20.38 3.863 0.0039 
170 2.017 0.98124 0.19274 20.74 3.997 

180 2.084 0.98064 0.19580 21.08 4.128 0.0042 
200 2.213 0.97947 0.20157 21.73 4.380 

220 2.336 0.97835 0.20693 22.33 4.622 0.0046 
240 2.454 0.97728 0.21194 22.90 4.853 

260 2.569 0.97624 0.21664 23.43 5.077 0.0053 
280 2.679 0.97525 0.22109 23.93 5.292 

300 2.786 0.97428 0.22530 24.41 5.501 0.0058 
320 2.890 0.97335 0.22930 24.87 5.704 

340 2.992 0.97244 0.23313 25.31 5.901 0.0064 
360 3.091 0.97156 0.23678 25.73 6.094 

380 3.187 0.97070 0.24029 26.14 6.281 0.007 

400 3.281 0.96985 0.24366 26.53 6.464 

420 3.374 0.96903 0.24691 26.90 6.643 0.0075 
440 3.464 0.96823 0.25004 27.27 6.818 

460 3.553 0.96744 0.25306 27.62 6.990 0.008 

480 3.640 0.96667 0.25599 27.96 7.158 

500 3.725 0.96592 0.25883 28.29 7.324 0.0085 
540 3.892 0.96445 0.26425 28.93 7.645 

580 4.053 0.96303 0.26937 29.53 7.957 0.0095 
620 4.210 0.96166 0.27424 30.11 8.258 


(*) As to the number of digits significant see remark on page 235. 
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TABLE I (continued). (2) 

R (u) E (MeV) V1 — Pp B pe (MeV) |pB (MeV/c)| ZT (107° 8) 
660 4.362 0.96032 0.27886 30.66 8.551 0.0104 
700 4.510 0.95903 0.28328 31.19 8.836 
740 4.655 0.95777 0.28751 31.70 9.114 0.0113 
780 4.796 0.95654 0.29157 32.18 9.385 
820 4,935 0.95535 0.29546 32.65 9.649 0.0122 
860 5.070 0.95418 0.29922 Rell 9.908 
900 5.2038 0.95304 0.30284 99595 10.16 0.0131 
950 5.365 0.95164 0.30719 34.08 10.47 

1000 5.524 0.95028 0.31137 34.60 10.77 0.0141 

1100 5.831 0.94766 0.31926 35.57 11.35 

1200 6.127 0.94515 0.32661 36.49 11.91 0.0161 

1300 6.412 0.94275 0.33349 37.35 12.45 

1400 6.688 0.94043 0.33997 38.17 12.97 0.018 

1500 6.956 0.93819 0.34609 38.95 13.48 

1600 TESA 0.93603 0.35189 39.69 13.97 0.0198 

1700 7.468 0.93394 0.35741 40.41 14.44 

1800 TT 0.93191 0.36268 41.09 14.90 0.0216 

1900 7.956 0.92993 0.36772 41.75 15.35 

2000 8.191 0.92801 0.37255 42.39 15.79 i 11 0:0232 

2100 8.421 0.92613 0.37718 43.00 16.22 

2200 8.647 0.92430 0.38164 43.60 16.64 0.0249 

2300 8.868 0.92252 0.38594 44.17 17.05 

2400 9.086 0.92077 0.39009 44.73 17.45 0.0265 

2500 9.299 0.91906 0.39410 45.28 17.84 

2600 9.508 0.91739 0.39798 45.81 18.23 0.028 

2700 9.715 0.91575 0.40174 46.32 18.61 

2800 9.918 0.91414 0.40539 46.83 18.98 0.0296 

2900 10.11 0.91256 0.40893 47.32 19.35 

3000 10.31 0.91101 0.41237 47.80 19.71 0.031 

3100 10.50 0.90949 0.41571 48.26 20.06 

3200 10.70 0.90799 0.41897 48.72 20.41 0.0326 

3300 10.88 0.90652 0.42215 49.17 20.75 

3400 11.07 0.90507 0.42524 49.61 21.09 0.034 

3500 11.25 0.90365 0.42826 50.04 21.43 

3 600 11.44 0.90224 0.43121 50.46 21.76 0.0354 

3 700 11.62 0.90086 0.43409 50.88 22.08 

3 800 11.79 0.89950 0.43690 51.29 22011 0.0368 

3.900 11.97 0.89816 0.43966 51.69 22.72 

4000 12.14 0.89683 0.44235 52.08 23.04 0.0382 

4100 12.31 0.89553 0.44499 52.47 23.35 

4200 12.48 0.89424 0.44757 52.85 23.65 0.0394 

4300 12.65 0.89297 0.45010 58222 23.95 

4400 12.82 0.89171 0.45259 53.59 24.25 0.0408 
| 4500 12.98 0.89047 0.45502 53.96 24.55 
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TABLE I (continued). (w) 

R(u) | B (Mev) | V1—p B pe (MeV) |y8(MeV/e)| 7 (10-9 8) 
4600 13.15 0.88925 0.45741 54.31 24.84 0.0422 
4700 13.31 0.88804 0.45975 54.67 25.13 
4800 13.47 0.88685 0.46205 DOSOL 25.42 0.0434 
4900 13.63 0.88566 0.46431 55.36 25.70 
5000 13.78 0.88450 0.46653 55.69 25.98 0.0446 
5200 14.10 0.88220 0.47086 56.36 26.53 
5400 14.40 0.87995 0.47505 57.00 27.08 0.0474 
5 600 14.70 0.87775 0.47910 57.63 27.61 
5 800 15.00 0.87559 0.48303 58.25 28.13 0.0498 
6 000 15.29 0.87348 0.48684 58.85 28.65 
6 200 15.58 0.87141 0.49055 59.44 29.16 0.0522 
6 400 15.86 0.86937 0.49415 60.02 29.66 
6 600 16.14 0.86737 0.49765 60.58 30.15 0.0546 
6 800 16.42 0.86541 0.50105 61.14 30.63 
7000 16.69 0.86348 0.50437 61.68 Sal 0.057 
7200 16.96 0.86158 0.50761 62.21 31.58 
7400 17:23 0.85971 0.51077 62.73 32.04 0.0592 
7600 17.49 0.85787 0.51385 63.25 32.50 
7800 VETS 0.85606 0.51686 63.75 32.95 0.0614 
8 000 18.01 0.85428 0.51980 64.25 33.39 
8 200 18.26 0.85253 0.52267 64.74 33.83 0.0636 
8 400 18.51 0.85080 0.52548 65.22 34.27 
8 600 18.76 0.84909 0.52823 65.69 34.70 0.0658 
8 800 19.01 0.84741 0.53093 66.16 35.12 
9000 19.25 0.84575 0.53357 66.62 35.54 0.068 
9500 19.85 0.84170 0.53994 67.74 36.57 

10000 20.44 0.83778 0.54600 68.82 DIRO 0.0732 

10500 21:02 0.83397 0.55180 69.87 38.55 

11 000 21.58 0.83028 0.55734 70.88 39.50 0.0782 

11500 2203 0.82669 0.56265 71.87 40.43 

12 000 22.67 0.82320 0.56775 72.83 41.34 0.0832 

12 500 29:21 0.81979 0.57265 73.76 42.24 

13 000 DIS 0.81648 0.57737 74.67 43.11 0.088 

13 500 24.25 0.81324 0.58192 75.56 43.97 

14000 24.75 0.81008 0.58631 76.42 44.81 0.0926 

14500 25:25 0.80699 0.59055 77.27 45.63 

15000 25.74 0.80397 0.59465 78.10 46.44 0.0972 

15500 26.23 0.80102 0.59862 78.91 47.24 

16000 26.70 0.79813 0.60247 79.71 48.02 0.1016 

16500 PATE ri 0.79530 0.60621 80.49 48.79 

17000 27.64 0.79252 0.60983 81.25 49.55 0.106 

17500 28.10 0.78980 0.61335 82.00 50.30 

18000 28.55 0.78713 0.61678 82.74 51.03 0.1104 

18500 29.00 0.78451 | 0.62011 83.47 51:76 
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TABLE I (contineud). (Lu) 
R(u) | EB (Mev) | V1— 8? B pe (MeV) |pB(MeV/c)| 7 (10-9 s) 
19000 29.44 0.78193 0.62335 84.18 52.47 0.1146 
19500 29.88 0.77941 0.62651 84.88 53.18 
20000 30.32 0.77692 0.62959 85.57 53.87 0.1188 
21000 Sal 0.77208 0.63552 86.92 55.24 
22000 32.00 0.76739 0.64117 88.23 56.57 0.127 
23 000 32.82 0.76285 0.64656 89.50 57.86 
24 000 33.63 0.75845 0.65172 90.74 59.13 0.1348 
25000 34.41 0.75417 0.65666 91.94 60.37 . 
26000 Joao 0.75002 0.66141 93.12 61.59 0.1426 
27000 35.95 0.74597 0.66596 94.27 62.78 
28000 36.70 0.74204 0.67035 95.39 63.95 0.15 
29000 37.44 0.73820 0.67457 96.49 65.09 
30000 38.17 0.73446 0.67864 97.57 66.21 0.1574 
31000 38.89 0.73081 0.68257 98.62 67.32 
32 000 39.60 0.72725 ‘ 0.68637 99.66 68.40 0.1646 
33 000 40.30 0.72376 0.69004 100.67 69.47 
34000 40.99 0.72036 0.69359 101.67 70.52 0.1716 
35 000 41.67 0.71703 0.69704 102.65 71.55 
36 000 42.34 0.71377 0.70037 103.61 72.57, 0.1784 
37000 43.01 0.71057 0.70361 104.56 19041 
38 000 43.66 0.70745 0.70676 105.49 74.56 0.1852 
39000 44.31 0.70438 0.70981 106.41 75.53 
40 000 44.95 0.70138 0.71278 107.31 76.49 0.1918 
TABLE AL (*)\ = 2 —M == 273 am, 
R(u) | E(Mev) | VI— 8? B pe (MeV) |pB (MeV/c)| 7 (10-9 s) 
2 0.144 0.99896 0.04555 6.362 0.289 0.0001 
4 0.231 0.99833 0.05760 8.048 0.463 
6 0.301 0.99783 0.06569 9.184 0.603 0.0004 
8 0.361 0.99741 0.07190 10.05 0.723 
10 0.417 0.99701 0.07722 10.80 0.834 0.0006 
15 0.539 0.99614 0.08773 12.28 1.077 
20 0.649 0.99536 0.09619 13.48 1.296 0.0009 
25 0.745 0.99468 0.10293 14.43 1.486 
30 0.830 0.99408 0.10860 15.24 1.655 0.0013 
35 0.909 0.99351 0.11366 15.95 1.814 
40 0.985 0.99298 0.11821 16.60 1.963 0.0016 
50 1.119 0.99203 0.12596 IEZSA 2.231 


(*) As to the number of digits significant see remark on page 235. 


NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETO. 


241 
TABLE II (continued). (1) 

R (u) | B (Mev) | V1=— p B pe (MeV) |pf (MeV/c) T (10-9 8) 
60 1.250 0.99111 0.13297 18.71 2.488 0.0021 
70 1.369 0.99027 0.13912 19.59 2.726 
80 1.475 0.98953 0.14427 20.33 2.934 0.0026 
90 1.579 0.98880 0.14924 21.05 3.142 
100 1.679 0.98810 0.15381 21.71 3.340 0.003 
110 1.775 0.98742 | 0.15806 22.33 3.529 | 
120 1.865 0.98680 | 0.16194 22.89 3.707 | 0.0034 
130 1.952 0.98619 | 0.16559 23.42 3.878 | 
140 2.036 0.98560 0.16903 23.92 4.044 | 0.0038 
150 2.118 0.98504 0.17231 24.40 4.204 
160 2.197 0.98449 0.17542 24.85 4.360 0.0042 
170 2.274 0.98395 0.17840 25.29 4.512 
180 2.349 0.98343 0.18125 25.71 4.660 0.0046 
200 2.494 0.98243 0.18662 26.49 4.945 
220 2.633 0.98147 0.19160 27.23 5.218 0.0053 
240 2.766 0.98055 0.19626 27.92 5.480 
260 2.895 0.97966 0.20064 28.57 5.732 0.0059 
280 3.020 0.97880 0.20478 29.18 5.976 
300 3.141 0.97797 0.20870 29.76 6.212 0.0066 
320 3.258 0.97717 0.21243 30.32 6.442 
340 3.372 0.97639 0.21599 30.86 6.665 0.0072 
360 3.484 0.97563 0.21940 BIS 6.883 
380 3.592 0.97489 0.22267 31.86 7.095 0.0078 
400 3.699 0.97416 0.22582 32.33 7.302 
420 3.803 0.97346 0.22885 32.79 7.505 0.0084 
440 3.904 0.97276 0.23177 33.23 7.703 
460 4.004 0.97209 0.23459 33.66 7.897 0.0089 
480 4.102 0.97142 0.23733 34.08 8.088 
500 4.199 0.97077 | 0.23998 34.48 8.275 0.0095 
540 4.386 0.96951 | 0.24504 35.25 8.640 
580 4.568 0.96828 | 0.24983 35.99 8.992 0.0105 
620 4.745 0.96710 | 0.25438 36.69 9.334 
660 4.916 0.96595 | 0.25871 37.36 9.666 0.0116 
700 5.084 0.96483 0.26285 38.00 9.989 
740 5.247 0.96374 0.26681 38.62 10.30 0.0125 
780 5.406 0.96268 | 0.27061 39.21 10.61 
820 5.562 0.96165 | 0.27426 39.78 10.91 0.0135 
860 PST lta, 0.96064 | 0.27778 40.33 11.20 
900 5.864 0.95965 | 0.28118 40.87 11.49 0.0144 
950 6.047 0.95844 | 0.28526 41.52 11.84 

1000 6.226 0.95727 0.28919 42.14 12.18 0.0155 

1100 6.573 0.95499 0.29660 43.32 12.85 

1200 6.906 0.95282 0.30351 44.43 13.48 0.0177 

1300 7.228 0.95073 0.30999 45.48 14.10 


242 


TaBLE II (continued). 


H. FAY, K. GOTTSTEIN 


(T) 


and K. HAIN 


E (u) | E (Mev)| VI-B? B pe (MeV) |pR(MeV/c) 7 (10-? s) 
| | 
1400 7.538 0.94872 0.31609 | 46.47 14.69 0.0198 
1500 7.840 0.94678 | 0.32186 | 47.42 15.26 | 
1600 8.133 0.94490 | 0.32733 | 48.32 15.81 | 0.0216 
1700 8.418 0.94308 0.33254 49.18 16.35 
1 800 8.696 0.94131 0.33752 50.01 16.88 0.0236 
1900 8.967 0.93959 0.34228 50.81 17.39 
2000 9.233 0.93792 | 0.34684 51.58 17.89 0.0254 
2100 9.492 0.93628 0.35123 52.33 18.38 
2200 9.747 0.93469 0.35546 53.05 18.85 0.0272 
2300 9.996 0.93313 0.35953 53.74 19.32 
2400 10.24 0.93160 0.36346 54.42 19.78 0.029 
2500 10.48 0.93011 0.36727 | 55.08 20.23 
2 600 10.71 0.92865 0.37095 |. 55:72 | - 20.67 | 0.0306 
2700 10.95 0.92721 0.37452 | 56.34 | 21.10 
2 800 11.17 0.92580 0.37799 | 56.95 21.52 0.0322 
2900 11.40 0.92442 0.38135 | 57.54 21.94 
3.000 11.62 0.92306 | 0.38463 58.12 22.35 0.034 
3100 11.84 0.92173 | 0.38781 58.69 22.76 
3 200 12.06 0.92042 | 0.39092 59.24 23.16 0.0356 
3300 “| 12.27 0.91913 | 0.39394 59.79 23.55 
3400 | 12.48 0.91786 0.39689 60.32 23.94 0.037 
3 500 12.69 0.91661 0.39977 60.84 24.32 
3600 | 12.89 0.91538 0.40258 61.35 24.69 0.0386 
3700 | 13.09 0.91416 0.40533. | 61.85 25.07 
3800 | 13.29 0.91297 | 0.40802 | 62.34 25.43 0.0402 
3900 13.49 0.91178 | 0.41065 | 62.82 25.80 
4000 | 13.69 0.91062 0.41323 63.30 26.15 0.0416 
4100 13.88 0.90947 0.41575 63.77 26.51 
4200 14.07 0.90834 0.41822 64.22 26.86 0.043 
4300 14.26 0.90722 0.42064 64:68). |. = 27.20 
| 4400 14.45 0.90611 0.42302 65.12 | 2755 | 0.0446 
4500 | 14.63 0.90502 0.42535 65.56 27.88 
4600 | 14.82 0.90394 0.42764 65.99 28.22 0.046 
4700 | 15.00 0.90287 | 0.42989. | 66.42 28.55 
4800 | 15.18 0.90182 | 0.43210: | 66.83 28.88 0.0474 
| 4900 | 15.36 0.90078 | 0.43426 | 67.25 29.20 
| 5.000 | 15.54 0.89975 | 0.43640 | 67.66 29.52 0.0488 
| 5200 15.89 0.89772 | 0.44055 68.45 | 30.16 
5400 16.23 0.89573 | 0.44458 | 69.23 | 2 80078 0.0512 
5600 | 16.57 0.89379 | 0.44848 | 69.99 | 31.39 
5 800 16.91 0.89188 | 0.45226 | 70.73 | 31.99 0.054 
6 000 17.23 0.89001 | 0.45593 71.46 | 32.58 
| 6200 17.56 0.88817 | 0.45950 mas |> 3816 0.0566 
| 6400 17.88 0.88636 | 0.46298 72.86 33.73 


ATI 


NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETC. 243 
TABLE II (continued). (7c) 
| eu) E (MeV) VATOE b? B | pe (MeV) |pB(MeV/c)| T (10-9 8) 
6 600 18.19 0.88459 0.46636 73.54 34.29 0.059 
6 800 18.51 0.88285 0.46965 74.21 34.85 
7000 18.81 0.88113 0.47286 74.86 35.39 0.0616 
7200 19.12 0.87944 0.47599 75.50 35.93 
7400 19.42 0.87778 0.47904 76.13 36.47 0.064 
7600 19.71 0.87615 0.48203 | 76.74 36.99 
7800 20.01 0.87454 0.48494 717.35 37.51 0.0666 
8000 20.30 0.87295 0.48780 77.95 38.02 
8 200 20.58 0.87139 0.49059 | 78.53 38.53 0.069 
8 400 20.87 0.86984 0.49332 79.11 39.02 
8 600 PLANS: 0.86832 0.49599 79.68 39.52 0.0712 
8 800 21.43 0.86682 0.49861 80.24 40.01 
9000 21.70 0.86534 0.50117 80.79 40.49 0.0736 
9500 22.38 0.86172 0.50737 82.13 41.67 
10000 23.04 0.85821 0.51329 83.43 42.82 0.0788 
10500 23.69 0.85480 0.51895 84.69 43.95 
11 000 24.33 0.85149 0.52436 85.90 45.04 0-0842 
11500 24.95 0.84826 0.52956 87.08 46.11 
12000 25.56 0.84512 0.53456 88.23 47.16 0.0896 
12500 26.16 0.84206 0.53937 89.35 48.19 | 
13.000 26.75 0.83908 0.54400 90.44 49.20 0.0948 
13500 27.33 0.83616 0.54848 91.50 50.18 | 
14000 27.90 0.83331 0.55280 92.54 DIGIb IMI Oul 
14500 28.46 0.83052 0.55698 93.55 52.10 | | 
15000 29.02 0.82779 0.56103 94.54 53.04 0.105 
15500 29.56 0.82512 0.56495 95.51 53.96 
16000 30.10 0.82250 0.56876 96.46 54.86 | 0.1098 
16500 30.63 0.81993 0.57245 97.39 55.05 
17000 SR 0.81741 0.57604 98.30 56.63 0.1146 
17500 31.67 0.81494 0.57954 99.20 57.49 
18000 32.18 0.81251 0.58293 100.08 58.34 0.1192 
18500 32.69 0.81013 0.58624 100.94 59.18 
19000 33.19 0.80779 0.58947 101.79 60.00 0.124 
19500 33.68 0.80548 0.59261 | 102.63 60.82 | 
20 000 34.17 0.80322 | 0.59567 103.45 61.62 0.1284 
21000 | 35.13 0.79880 0.60159 105.05 63.20 
22000 | 36.07 0.79452 | 0.60723 | 106.61 64.74 0.1374 | 
| 23000 37.00 0.79036 0.61263 | 108.13 | 66.24 | 
24000 37.90 0.78632 0.61780 | 109.60 | Giant: 0.146 
25000 38.79 0.78240 | 0.62277 | 111.03 69.15 
26000 | 39.67 0.77858 0.62753 112.43 70.55 0.1544 
27000 40.53 0.77486 0.63212 113.80 71.93 
28000 | 41537 0.77123 0.63654 | 115.13 11828 0.1626 
29000 | 42.21 0.76770 | 0.64080 116.44 74.61 


Pi ne 
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TABLE II (continued). 


H. FAY, K. GOTTSTEIN 


(70) 


and K. HAIN 


R (u) E (MeV) Vas B? B pe (MeV) |pB(MeV/c)| T (107° s) 
30 000 43.03 0.76424 0.64492 LIZ 75.91 0.1706 
31000 43.84 0.76087 | 0.64890 118.97 77.20 
32 000 44.64 0.75757 | 0.65274 120.19 78.45 0.1784 
33 000 45.42 0.75434 | 0.65647 121.40 79.69 
34000 46.20 0.75119 | 0.66008 122.58 80.91 0.1862 
35 000 46.97 0.74809 0.66358 123.74 82.11 
36 000 47.73 0.74506 0.66698 124.88 83.29 0.1938 
37 000 48.47 0.74210 | 0.67028 126.00 84.45 
38000 49.22. | 0.73918 | 0.67349 127.10 85.60 0.2012 
39 000 49.95 | 0.73633 0.67661 128.18 86.73 
40000 50.67 0.73352 0.67965 129.25 87.84 0.2084 
41 000 51.39 0.73077 0.68261 130.30 88.94 
42000 52.10 0.72807 0.68549 131.34 90.03 0.2156 
43 000 52.80 0.72541 | 0.68830 132.36 _ 91.10 
44000 53.49 0.72280 | 0.69104 133.37 92.16 0.2226 
45 000 54.18 0.72024 | 0.69372 134.36 93.21 
46 000 54.86 | 0.71771 | 0.69633 135.34 94.24 0.2296 
47 000 55.54 | 0.71523 | 0.69888 136.31 95.26 
48 000 56.20 0.71279 0.70137 137.26 96.27 0.2364 
49 000 56.87 0.71038 0.70381 138.20 97.27 
50.000 57.52 | 0.70801 0.70619 139.14 98.26 0.2432 
52 000 58.82: | 0.70338 0.71080 140.97 100.20 
TABLE III (*).-— + M = 963 m,. 
R(u) | B (MeV) | V1— 86 B pe (MeV) |pB (MeV/c)| T (10-? s) 
2 0.200 0.99959 0.02859 14.05 0.401 0.0002 
4 0.341 0.99930 0.03724 18.30 0.681 
6 0.456 0.99907 0.04310 21.19 0.913 0.0006 
8 0.554 0.99887 0.04749 23.35 1.109 
10 0.647 0.99868 0.05131 25.23 1.295 0.0009 
15 0.847 0.99827 0.05864 28.85 1.692 
20 1.025 0.99791 0.06450 31.74 2.047 0.0014 
25 1.180 0.99760 0.06919 34.06 2.357 
30 1.329 0.99729 0.07343 36.17 2.656 0.0019 
35 1.459 0.99703 0.07693 37.90 2.915 
40 1.590 0.99677 0.08026 39.55 3.174 0.0024 
50 1.819 0.99630 0.08584 42.32 3.633 


(*) As to the number of digits significant see remark on page 235. 
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TABLE III (continued). 


NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETC. 245. 


(t) 


R(u) | B (Mev) | Vi= 8 B | pe (MeV) |pB (MeV/c)! 7 (10-* 5) 
60 2.040 | 0.99586 | 0.09085 44.81 4.071 0.0029 
70 2.250 | 0.99544 | 0.09538 47.06 4.489 | 
80 2.449 | 0.99503 | 0.09950 49.12 4.887 0.0038 
90 2.629 | 0.99467 | 0.10306 50.89 5.245. | 
100 2.809 | 0.99431 | 0.10650 52.61 5.604 | 0.0045 
110 | 2.979 | 0.99396 | 0.10965 54.18 5.942. | 
120 3.130 | 0.99366 | 0.11235 55.54 6.240 0.0051 
130 | 3.299 | 0.99332 | 0.11533 57.03 6.577 | 
140 |. 3.429 | 0.99306 | 0.11756 58.14 6.836 —0.0057 
150 3.590 | 0.99274 | 0.12024 59.49 7.153 | 
160 3.729 | 0.99246 | 0.12253 60.64 7.431 0.0062 
170 3.869. | 0.99218 | 0.12479 61.78 7.709 | 
180 4.000 | 0.99192 | 0.12684 62.81 7.967 | 0.0068 

200 4.259 | 0.99140 | 0.13085 64.83 8.483 

220 4.499 | 0.99092 | 0.13443 66.64 8.959 0.0078 
240 4.750 | 0.99042 | 0.13807 68.47 9.454 | 

260 4.979 | 0.98996 | 0.14132 70.12 9.910 | 0.0087 
280 5.179 | 0.98956 | 0.14409 71.52 10.30 

300 5.400 | 0.98912 | 0.14707 73.03 10.74 | 0.0097 
320 5.619 | 0.98868 | 0.14998 | 74.51 iLL | 

340 5.820 | 0.98829 | 0.15258 | 75.83 11.57 | 0.0105 
360 6.020 | 0.98789 | 0.15513 | 77.13 11.96 | 

380 6.200 | 0.98753 | 0.15739 | —78.28 | 12.32 | 0.0114 
400 6.400 | 0.98713 | 0.15986 79.55 Pri Ca 

420 6.556 | 0.98682 | 0.16177 80.52 13.02 | 0.0122 
440 6.732 | 0.98647 | 0.16388 | © 81.60 13:37. | 

460 6.904 | 0.98613 | 0.16592 82.64 13.71 | 0.013 
480 7.073 | 0.98580 | 0.16790 83.66 14.04 | 

500 7.239 | 0.98547 | 0.16981 | 84.64 | 14.37 0.0138 
540 7.563 | 0.98483 | 0.17348 86.52 | 15.01 | 

580 7.876 | 0.98421 | 0.17696 88.31 15.62 | 0.0163 
620 8.181 | 0.98361 | 0.18026 90.02 161295 | 

660 8.476 | 0.98303 | 0.18341 91.64 16.81 | 0.0168 
700 8.765 | 0.98246 | 0.18643 93:20).| 47-37. | 

740 9.046 | 0.98191 | 0.18931 94,70. + |. 17:92) 0.0182 ci 
780 9.321 | 0.98137 | 0.19209 96.14 | 18.46 

820 9.589 0.98085 | 0.19476 97.53 | 18.99 0.0196 
860 9.853 | 0.98033 | 0.19733 9819757 119.61 7 | 

900 10.11 0.97983 | 0.19982 100.17, | 20.01. | 0.0208 
950 10.42 0.97921 | 0.20282 LOU 4st} 1020.6377 

1000 10.73 0.97861 | 0.20571 103:25 | 21.24 | 0.0224 

1100 11.33 0.97744 | 0.21117 106.12 | 22.40 | 

1200 11.90 0.97633 | 0.21627 108.80 | 23.53 | 0.0256 

1300 12.46 | :0.97525 | 0.22106 111.34 24.61 


246 


‘TABLE III (continued). 


H. FAY, K. GOTTSTEIN 


(T) 


and K. HAIN 


R (u) | EB (Mev) | V1— B pe (MeV) |pB (MeV/c) T (10-98) 
1400 12.99 0.97422 0.22559 113.74 25.65 0.0286 
1500 13.51 0.97321 0.22988 116.02 26.67 | 
1600 14.02 0.97224 0.23396 118.20 27.65 | 0.0314 
1700 14.51 0.97130 0.23785 120.28 28.61 
1800 14.99 0.97038 0.24158 122.28 29.54 0.0342 
1900 15.46 0.96948 0.24515 124.20 30.45 
2000 15.91 0.96861 0.24858 126.06 31.33 0.0368 
2100 16.36 0.96775 0.25188 127.85 32.20 
2200 16.80 0.96692 0.25507 129.58 33.05 0.0394 
2300 17.23 0.96610 0.25815 131.25 33.88 
2400 17.65 0.96530 0.26113 132.88 34.69 0.0418 
2500 | 18.07 0.96451 0.26402 134.45 35.50 
2600 | 18.47 0.96374 0.26682 135.99 36.28 0.0442 
2700 18.87 0.96298 0.26954 137.48 37.05 
2800 19.27 0.96224 0.27218 138.94 37.81 0.0466 
2900 19.66 0.96151 0.27475 140.36 38.56 
3000 20.04 0.96079 0.27726 141.74 39.30 0.049 
3100 20.42 0.96008 0.27970 143.10 40.02 
3200 | 20.79 0.95938 | 0.28208 144.42 40.74 0.0512 
3300 | 21.15 0.95870 | 0.28441 145.72 41.44 
3400 | 21.52 0.95802 | 0.28668 146.98 42.13 0.0536 . 
3.500 21.87 0.95735 0.28890 148.23 42.82 
3.600 22.23 0.95669 0.29107 149.44 43.50 0.0558 
3700 | 22.58 0.95604 0.29320 150.64 44.16 
3800 | 22.92 0.95540 | 0.29528 151.81 44.82 0.058 
3.900 23.26 0.95477 | 0.29733 152.96 45.48 
4000 | 23.60 0.95414 0.29933 154.09 46.12 0.0602 
4100 | 23.93 0.95353 | 0.30129 155.20 46.76 
4200 24.26 0.95292 | 0.30321 156.30 47.39 0.0622 
4300 24.59 0.95231 | 0.30511 157.37 48.01 
4400 24.91 0.95172 0.30696 158.43 48.63 0.0644 
4500 | 25.23 0.95112 | 0.30879 159.47 49.24 
4600 | 25.55 0.95054 | 0.31058 160.49 49.84 0.0664 
4700 | 25.86 0.94996 | 0.31234 161.50 50.44 
4800 26.18 0.94939 | 0.31408 162.49 51.03 0.0684 
4900 26.49 0.94883 | 0.31578 163.47 51.62 
5000 | 26.79 0.94827 | 0.31746 164.44 52.20 0.0704 
5200 | 27.39 0.94716 | 0.32074 166.33 53.35 
5400 | 27.99 0,94608 | 0.32392 168.18 54.47 0.0744 
5 600 28.57 0.94501 | 0.32701 169.97 55.58 

| 5.800 29.15 0.94397 | 0.33002 | 171.73 56.67 | 0.0782 
6000 29.72 0.94294 | 0.33295 | 173.44 57.74 
6 200 30.28 0.94193 | 0.33580 175.11 58.80 0.082 
6400 | 30.83 0.94093 | 0.33857 | 176.74 59.84 


bake 


FREQUENTLY 


NUMERICAL TABLES OF RELATIONS USED ETC. 247 
TABLE III (continued). (Gs) 
R(p) | E (Mev)| VI=f? B pe (MeV) | pB(MeV/c)| 7 (10-9 s) 
6 600 31.37 0.93995 0.34128 178.34 60.86 0.0858 
6 800 31.91 0.93899 0.34393 179.91 61.87 
7000 32.44 0.93804 0.34651 181.45 62.87 0.0894 
7200 32.96 0.93710 0.34904 182.95 63.85 
7400 33.48 0.93618 0.35151 184.43 | 64.83 0.093 
7600 33.99 0.93527 0.35393 185.88 65.79 
7800 34.50 0.93437 0.35630 187.30 66.73 0.0966 
8 000 35.00 0.93348 0.35862 188.70 67.67 
8 200 35.49 0.93260 0.36089 190.08 68.59, 0.1 
8400 35.98 0.93174 0.36312 191.43 69.51 
8600 36.46 0.93088 0.36531 192.76 70.41 0.1034 
8 800 36.94 0.93003 0.36745 194.07 AES 
9000 37.42 0.92924 0.36956 195.36 72.19 0.1068 
9500 38.59 0.92715 0.37467 198.50 74.37 
10000 39.73 0.92516 0.37957 201.52 76.49 0.1152 
10500 40.85 0.92321 0.38427 204.45 78.56 
11000 41.94 0.92132 0.38879 207.28 80.59 0.1232 
11500 43.01 0.91947 0.39315 210.02 82.57 
12000 44.07 0.91766 0.39735 212.69 84.51 0.131 
12 500 45.10 0.91589 0.40142 215.28 86.41 
13 000 46.12 0.91416 0.40535 217.80 88.28 0.1386 
13 500 47.12 0.91246 0.40916 220.26 90.12 
14000 48.10 0.91079 0.41285 222.65 91.92 0.1462 
14500 49.07 0.90916 0.41643 224.99 93.69 
15000 50.03 0.90755 0.41992 2210297 95.43 0.1534 
15500 50.97 0.90598 0.42331 229.50 97.15 
16000 51.90 0.90443 0.42660 231.69 98.84 | 0.1606 
16500 52.81 0.90291 0.42982 233.83 100.50 | 
17000 53.72 0.90141 0.43295 235.92 102.14 0.1676 
17500 54.61 0.89994 0.43600 237.97 103.76 
18000 55.49 0.89849 0.43899 239.99 105.35 0.1746 
18500 56.36 0.89706 0.44190 241.97 106.92 
19000 57.22 0.89565 0.44475 243.91 108.48 0.1814 
19500 58.07 0.89426 0.44753 245.82 110.01 ; 
20000 58.91 0.89289 0.45025 247.69 TRS 0.188 
21000 60.57 0.89021 0.45553 251.35 114.50 - | 
22 000 62.19 0.88760 0.46060 254.89 LL 40N 0.2012 
23000 | 63.79 0.88506 0.46547 258.33 120.24 
24 000 65.35 0.88257 0.47016 261.67 123.02 | 0.2138 
25000 | 66.88 0.88015 0.47469 264.91 125375 
26000 | 68.39 0.87777 0.47906 268.08 128.42 0.2262 
27000. | 69787 0.87545 0.48329 271.16 131.05 
28000 | less: 0.87318 0.48738 274.16 | UBB HGY4 | 0.2384 
29000 PASTA 0.87096 0.49134 277.10 136.15 
i 
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TABLE III (continued). 
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(7) 


R(u) | EB (Mev) | V1— B pe (MeV) |pB(MeV/e)| 7 (10-9 8) 
| 
30 000 74.18 | 0.86878 0.49519 279.97 138.64 0.2502 
31000 75.58 0.86664 0.49892 282.78 141.08 
32,000 76.96 0.86454 0.50255 285.53 143.49 0.2618 
33.000 78.31 0.86248 0.50608 288.22 145.86 
34.000 79.65 0.86045 0.50952 290.86 148.20 0.2732 
35 000 80.98 0.85846 0.51286 ‘| 293.45 150.50 
36000 82.28 0.85651 0.51612 295.99 152.77 0.2844 
37000 83.58 0.85458 0.51930 298.48 155.00 
3 8000 84.85 0.85269 0.52241 300.93 157.21 0.2954 
39000 86.11 0.85082 0.52544 303.34 159.39 
40 000 87.36 0.84899 0.52840 305.71 161.54 0.3064 
41000 88.60 0.84718 0.53129 308.04 163.66 
42,000 89.82 0.84540 0.53412 310.34 165.76 0.317 
43.000 91.03 0.84364 0.53689 312.59 167.83 
44000 92.23 | 0.84191 0.53960 314.82 169.88 0.3276 
45 000 93.41 | 0.84020 0.54226 317.01 171.90 
46000 94.59 0.83852 0.54486 319.17 173.90 0.3378 
47000 95.75 0.83686 0.54741 321.30 175.88 
48.000 96.90 0.83522 0.54991 323.40 177.84 0.3482 
49000 98.04 0.83360 0.55236 325.47 179.78 
50 000 99.18 0.83200 0.55476 327.52 181.69 0.3582 
52000 | 101.41 0.82886 0.55944 331.53 185.47 
54000 | 103.61 | 0.82580 0.56395 335.45 189.18 0.378 
56000 | 105.77 0.82280 0.56831 339.27 192.81 
58000 | 107.91 0.81988 0.57253 343.00 196.38 0.3974 
60000 | 110.00 0.81701 0.57661 346.66 199.88 
62 000 112.07 0.81421 0.58056 350.24 203.33 0.4164 
64000 | 114.11 0.81147 0.58439 353.74 206.72 
66000 | 116.13 0.80878 0.58810 357.17 210.05 0.435 
68000 | 118.12 0.80614 0.59171 360.54 213.34 
70000 | 120.08 0.80355 0.59522 363.85 216.57 0.4532 
72000 | 122.02 0.80101 0.59864 367.10 219.76 
74000 | 123.93 0.79852 | 0.60196 370.29 222.90 0.4712 
76000 | 125.82 | 0.79607 | 0.60520 373.42 225.99 
78000. | 127.70 | 0.79366 0.60835 376.51 229.05 0.4888 
80000 | 129.55 0.79129 0.61142 379.54 232.06 
82000 | 131.38 | 0.78897 0.61442 382.53 235.03 0.5062 
84000 | 133.19 | 0.78668 0.61735 385.47 237.97 
86000 | 134.98 | 0.78442 0.62021 388.37 240.87 0.5232 
88000 | 136.76 0.78221 0.62301 391.22 243.73 
90000 | 138.52 | 0.78002 0.62574 394.04 246.57 0.54 
100000 | 147.06 | 0.76958 0.63854 407.56 260.25 
110000 | 155.25 0.75983 0.65011 420.27 273.22 0.6096 
120000 | 163.12 | 0.75069 0.66064 | 432.27 285.58 


meets csr n TRA Seite N RARA VERI RITI URL I Lea 
NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETC. 249 
TABLE III (continued). (t) 
ER (u | B (MeV) | V1— 8? B pe (MeV) | pB(MeV/c)| 7 (10-9 s) 
130000 170.71 0.74208 0.67030 443.68 | 297.40 0.6856 
140 000 178.06 0.73394 0.67921 454.57 308.75 
150000 185.18 0.72621 0.68746 464.99 319.66 0.758 
160 000 192.10 0.71886 0.69515 475.00 330.19 
170000 198.83 0.71184 0.70233 484.63 | 340.37 0.8272 
180000 205.40 0.70513 0.70907 493.94 | 350.24 
| 
Taare’ TY_(*). — Protons M=1837 m,. 
E (u) |E (MeV) 1— fp? B pe (MeV) |p6 (MeV/c) T (10-*s) 
2 0.214 0.99977 0.02141 20.07 0.429 0.0003 
4 0.405 0.99956 0.02938 27.55 0.809 
6 0.549 0.99941 0.03424 32.01 1.099 0.0008 
8 0.679 0.99927 0.03807 35.70 1.359 
10 0.794 0.99915 0.04116. | 38.61 | 1.589 | 0.0011 
15 1.049 0.99888 0.04729 | 44.37 | 2.098 | 
20 1.280 0.99863 0,05221' | - 48.99 | 2.558 | . 0.0016 
25 1.484 0.99841 0.05622 52:77 | 2.967 | 
30 1.679 0.99821 0.05979 56.14 | 3.356 0.0022 
35 1.849 0.99802 0.06273 | 58.91 | 3.696 
40 2.025 0.99784 0.06563 | 61.64 | 4.045 0.003 
50 2.335 0.99751 0.07045 | 66.19 | 4.664 
60 2.629 0.99720 0.07475 -| 70.26 | 5.252 0.0039 
70 2.900 0.99691 0.07848 73.78 5.791 
80 3.149 0.99665 0.08178 76.90 6.289 0.0048 
90 3.384 0.99640 0.08476 T9126 | 6457 
100 3.610 0.99616 | 0.08751 82.030 11 > 7-206 0.0056 
110 3.830 0.99592 | 0.09013 84.81. | 7.644 | 
120 4.039 0.99570 | 0.09255 Swi i 18002 0.0063 
130 4.244 0.99549 0.09485 89.30 8.470 
140 4.444 0.99527 0.09704 91.38 | 8.869 0.007 
150 4.639 0.99507 0.09914 93.37 9.257 
160 4.820 0.99488 0.10103 95.17 9.615 0.0077 
170 5.005 0.99468 0.10293 96.98 9.983 
180 5.179 0.99450 0.10470 98.67 10.33 | 0.0083 
200 5.510 0.99415 0.10796 101.77 10.98 
220 5.839 0.99380 0.11111 104.78 11.64 0.0096 
240 6.154 0.99347 0.11404 107.58 12.26 


(*) As to the number of digits significant see remark on page 235. 
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250 and K. HAIN 
TaBLE IV (continued). (P) 
R (wu) E (MeV) /1 = pb? B pe (MeV) |pB(MeV/c)| T (10-79 s) | 
| 
260 6.470 0.99314 0.11689 110.31 12.89 0.0107 O 
280 6.765 0.99283 0.11950 112.80 13.48 
300 7.050 0.99253 0.12197 115.17 14.04 0.0116 : 
320 7.330 0.99223 0.12434 117.44 14.60 | 
340 7.600 0.99195 0.12658 119.59 15.13 0.0129 © | 
360 7.865 0.99167 0.12874 121.67 15.66 | 
380 8.114 | 0.99141 0.13074 123.59 16.16 0.0139 | 
400 8.369 0.99114 0.13276 125.53 16.66 
420 8.615 0.99089 0.13466 127.36 17.15 0.0149 
440 8.850 0.99064 0.13646 129.09 17.61 | 
460 9.074 0.99040 0.13816 130.73 18.06 0.0159 | 
480 9.305 0.99016 0.13987 132.39 18.51 
500 9.524 0.98993 0.14149 133.95 18.95 0.0168 
540 9.980 0.98946 0.14478 137.13 19.85 
580 10.39 0.98902 0.14774 140.00 20.68 0.0187 
620 10.80 0.98860 0.15055 142.72 21.48 
660 11.19 0.98819 0.15322 145.32 22.26 0.0204 i 
700 11.58 0.98778 0.15580 147.82 23.03 i 
740 11.95 0.98749 0.15823 150.19 23.76 0.0222 
780 12.32 0.98702 0.16057 152.47 24.48 
820 12.67 0.98665 0.16282 154.66 25.18 0.0238 
860 13.02 0.98629 0.16500 156.78 25.87 | 
900 13.36 0.98593 0.16710 158.84 26.54 0.0254 
950 13.78 0.98550 0.16963 161.32 27.36 
1000 14.19 0.98508 0.17207 163.70 28.16 0.0274 | 
1100 14.98 0.98426 0.17668 168.23 29.72 | 
1200 IGS 7033 0.98348 0.18100 172.48 31.21 0.031 
1300 16.47 0.98272 0.18505 176.48 32.66 
1400 1ETLtS) 0.98199 0.18889 180.27 34.05 0.0346 
1500 17.86 0.98129 0.19252 183.87 35.40 
1600 18.53 0.98060 0.19598 187.31 36.71 0.038 
1700 19.18 0.97993 0.19929 190.60 37.98 
1800 19.81 0.97929 0.20245 193.75 39.22 0.0414 
1900 20.43 0.97865 0.20549 196,78 40.43 
2000 21.04 0.97804 0.20841 199.70 41.62 0.0444 i 
2100 21.63 0.97743 0.21122 202.52 42.77 ! 
2 200 22.21 0.97684 0.21393 205.25 43.91 0.0476 | 
2 300 22.78 0.97626 0.21656 207.89 45.02 | 
2400 23.33 0.97570 0.21910 210.45 46.11 0.0506 i 
2500 23.88 0.97514 0.22156 212.94 47.18 
2 600 24.42 0.97459 0.22395 215.36 48.23 0.0536 
2700 24.95 0.97406 0.22627 QI 49.26 
2800 25.47 0.97353 0.22853 220.00 OOM 0.0564 
2900 25.98 0.97301 0.23073 222.24 51.27 


NUMERICAL TABLES OF RELATIONS FREQUENTLY USED ETC. 251 
TABLE IV (continued). (cE) 

R (p) E (MeV) | V1i— B? B | pe (MeV) |pB(MeV/c) T (107° s) 
3000 26.49 0.97250 0.23287 224.42 52.26 0.0592 
3100 26.99 0.97200 0.23496 226.55 53.23 
3200 27.48 0.97150 0.23700 228.63 54.18 0.062 
3300 27.97 0.97102 0.23899 230.67 55.12 
3 400 28.44 0.97053 0.24094 232.66 56.05 0.0648 
3 500 28.92 0.97006 0.24284 234.62 56.97 
3 600 29.38 0.96959 0.24471 236.53 57.88 0.0674 
3700 29.84 0.96913 0.24653 238.41 58.77 
3 800 30.30 0.96867 0.24832 240.25 59.66 0.07 
3 900 30.75 0.96822 0.25007 242.06 60,53 
4000 31.20 0.96778 0.25179 | 243.84 61.39 | 0.0726 
4.100 31.64 0.96733 0.25348 245.58 62.25 
4200 32.07 0.96690 0.25514 247.30 63.09 0.0752 
4300 32.51 0.96647 0.25676 248.98 63.93 
4400 _ 52.93 0.96604 0.25836 250.64 64.75 0.0778 
4500 33.36 0.96562 0.25993 252.28 65.57 
4600 33.78 0.96520 0.26147 | -253.89 66.38 0.0802 
4700 34.19 0.96479 0.26299 | 255.47 67.18 
4800 34.60 0.96438 0.26449 257.03 67.98 0.0826 

| 4900 35.01 0.96398 0.26596 258.57 68.77 
| 5000 35.42 0.96358 0.26741 260.09 69.55 0.0850 

5200 36.21 0.96279 0.27024 263.06 71.09 
5 400 37.00 0.96201 0.27299 265.95 72.60 0.0898 
5 600 37.77 0.96125 0.27566 268.76 74.09 
5 800 38.53 0.96050 0.27826 271.51 DIDO 0.0946 
6000 39.28 0.95976 0.28080 274.19 76.99 
6200 40.02 0.95903 0.28327 276.82 78.41 0.0992 
6400 40.75 0.95832 0.28567 279.38 79.81 
6 600 41.47 0.95762 0.28803 281.88 81.19 0.1036 
6 800 42.18 0.95692 0.29032 284.34 82.55 
7000 42.88 0.95624 0.29257 286.74 83.89 0.108 

E1200 43.57 0.95556 0.29477 289.10 85.21 I 
7400 44.26 0.95490 0.29692 291.41 86.52 0.1124 
7600 44.93 0.95424 0.29902 293.68 87.81 
7800 45.60 0.95359 0.30108 295.91 89.09 0.1166 | 
8000 46.26 0.95295 0.30311 298.10 90.35 
8200 46.92 0.95232 0.30509 300.25 91.60 0.1208 
8400 47.56 0.95169 0.30704 302.36 92.83 
8 600 48.20 0.95107 0.30895 504.44 94.05 0.1250 
8 860 48.84 0.95046 0.31082 306.49 95.26 
9000 49.47 0.94986 0.31267 308.50 96.46 0.129 
9500 51.01 0.94837 0.31714 313.40 99.39 

10 000 52.52 0.94693 0.32143 318.13 102.25 0.139 

10500 54.00 0.94552 0.32556 322.69 105.05 


| 
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TABLE IV (continued). (P) 
R (mu) | E(MeV)| V1I—-B? B pe (MeV) |pB (MeV/c)| 7 (10-* s) 
11000 55.44 0.94414 0.32953 327.11 107.79 0.1488 
11500 56.86 0.94279 0.33337 331.39 110.47 
12000 58.25 0.94147 0.33707 335.54 113.10 0.1582 
12500 59.62 0.94018 0.34066 339.58 115.68 
13000 60.96 0.93891 0.34413 343.50 118.21 0.1676 
13500 62.29 0.93767 0.34750 347.33 120.70 
14000 63.59 0.93645 0.35078 351.05 123.14 0.1766 
14500 64.87 0.93526 0.35395 354.69 125.54 
15000 66.13 0.93408 0.35705 358.24 127.91 0.1854 
15500 67.37 0.93292 | ‘ 0.36006 361.71 130.24 
16000 68.60 0.93178 0.36299 365.10 132.53 0.194 
16 500 69.81 0.93066 0.36586 368.42 134.79 
17000 71.01 0.92956 0.36865 371.68 137.02 0.2026 
17500 72.19 0.92848 0.37138 374.86 139.21 
18000 73.35 0.92740 0.37404 377.99 141,38 0.211 
18500 74.50 0.92635 0.37665 381.06 143.52 
19000 75.64 0.92531 0.37920 384.07 145.64 0.2192 
19500 76.77 0.92428 0.38169 387.03 147.72 
20000 77.88 0.92327 0.38414 389.93 149.79 0.2272 
21000 80.07 0.92128 0.38888 395.60 153.84 
22.000 82.21 0.91934 0.39344 401.08 157.80 0.2432 
23 000 84.32 0.91745 0.39784 406.40 161.68 
24 000 86.38 0.91560 0.40208 411.56 165.48 0.2586 
25 000 88.41 0.91379 0.40617 416.58 169.20 
26 900 90.40 0.91202 0.41014 421.46 172.86 0.2736 
27 009 92.36 0.91028 0.41398 426.22 176.44 
28000 94.29 0.90858 0.41770 430.86 179.97 0.2884 
29000 96.19 0.90691 0.42132 435.39 183.43 
30.000 98.06 0.90527 0.42483 439.81 186.84 0.3028 
31000 99.91 0.90366 0.42824 444.13 190.20 
32000 | 101.73 0.90207 0.43156 448.37 193.50 0.317 
33000 | 103.52 0.90052 0.43480 452.51 196.75 
34000 | 105.29 0.89899 0.43796 456.57 199.96 0.3308 
35000 | 107.04 0.89748 0.44103 460.55 203.12 
36000 | 108.77 0.89600 0.44404 464.45 206.23 0.3444 
37000 | 110.48 0.89454 0.44697 468.29 209.31 
38000 | 112.17 0.89310 0.44984 472.05 212.35 0.3578 
39000 | 113.83 0.89168 0.45264 475.75 215.34 
40000 | 115.48 0.89029 0.45539 479.38 218.30 0.371 
41000 | 117.12 0.88891 0.45807 482.95 221.23 
42000 | 118.73 0.88755 0.46070 486.47 224.12 0.384 
43000 | 120.33 0.88621 0.46327 489.93 226.97 
44000 | 121.91 0.88488 0.46580 493.34 229.80 0.3968 
45000 | 123.48 0.88358 0.46827 496.69 232.59 
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TaBLE IV (continued). (P) 
R (1) E (MeV) = B? B pe (MeV) |pf (MeV/ec)| T (1079 s) 
46 000 125.03 0.88228 0.47070 500.00 235.35 0.4094 
47 000 126.57 0.88101 0.47309 503.26 238.08 
48 000 128.09 0.87975 0.47542 506.47 240.79 0.4200 
49000 129.60 0.87850 0.47772 509.64 243.46 
50000 131.10 0.87727 0.47998 512.76 246.12 0.4342 
52 000 134.06 0.87485 0.48438 518.89 251.34 
54 000 136.96 0.87249 0.48863 524.87 256.46 0.4584 
56 000 139.82 0.87017 0.49274 530.70 261.50‘ 
| 58000 142.64 0.86790 0.49673 536.39 266.44 0.482 
— 60000 145.41 0.86567 0.50060 541.96 271.30 
62 000 148.15 0.86349 0.50435 547.40 276.08 0.5052 
64 000 150.85 0.86135 0.50800 552.73 280.79: 
66 000 153.51 0.85925 0.51154 557.95 285.42 0.5278 
68 000 156.14 0.85718 0.51500 563.07 289.98 
70000 158.73 0.85516 0.51836 568.09 294.47 0.5502 
72 000 161.29 0.85316 0.52163 573.01 298.90 
74000 163.82 0.85120 0.52483 577.85 303.27 0.572 
76 000 166.33 0.84927 0.52795 582.61 307.59 
78 000 168.80 0.84737 0.53099 587.28 311.84 0.5936 
80000 171.25 0.84550 0.53396 591.87 316.04 
82000 173.67 0.84366 0.53687 596.39 320.19 0.6148 
84000 176.06 0.84184 0.53971 600.84 324.28 
86 000 178.43 0.84005 0.54249 605.22 328.33 0.6356 
88 000 180.78 0.83829 0.54521 609.54 332.33 
90000 183.10 0.83655 0.54788 613.79 336.28 0.6562 
i 100000 194.40 0.82820 0.56042 634.18 355.41 
110000 205.22 0.82035 0.57185 653.29 373.58 0.7552 
120090 215.63 0.81295 0.58232 671.32 390.93 
130000 225.66 0.80593 0.59200 688.41 407.54 0.8486 
140 000 Daves 0.79926 0.60097 704.69 423.50 
150 000 244.79 0.79289 0.60935 720.24 438.88 0.9378 
160 000. 253.93 0.78681 0.61719 735.16 453.73 
170000 262.83 0.78097 0.62456 749.49 468.10 1.0234 
180000 271.51 0.77536 0.63151 763.31 482.04 
190000 279.99 0.76995 0.63808 776.66 495.57 1.0056 
200000 288.27 0.76476 0.64430 789.58 508.73 
210000 296.37 0.75974 0.65022 802.10 521.55 1.1852 
220000 304,32 0.75488 0.65586 814.26 534.04 
230000 312010 0.75017 0.66123 826.08 546.24 1.2622 
240000 319.74 0.74561 0.66637 837.60 558.15 
| 250000 3278205 0.74118 0.67129 848.82 569.81 1.3370 
260000 334.63 0.73689 0.67601 859.77 581.21 
i 270000 341.88 0.73271 0.68054 870.46 592.38 1.4100 
280000 349.02 0.72864 0.68489 880.92 603.34 
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TABLE IV (continued). (P) 
R (u) | BE (Mev) | V1i—s? B pe (MeV) |pB (MeV/e)| T (10-? 8) 
290000 | 356.05 0.72468 0.68908 891.16 614.08 1.4812 
300000 | 362.98 0.72082 0.69312 901.18 624.63 
310000 | 369.81 0.71705 0.69701 911.00 634.98 1.5508 
320000 | 376.54 0.71337 0.70077 920.64 645.16 
330000 | 383.19 0.70979 0.70441 930.10 655.17 1.6190 
340000 | 389.74 0.70628 | 0.70792 939.38 665.01 
TABLE V (*). =H» = 2:340m,. 
R.(u) | E (MeV) | 'V1I—p? >| B pe (MeV) |pp (MeV/c)| T (10-9 8) 
2 0.229 0.99980 0.01963 23.42 0.459 0.0003 
4 0.416 0.99965 0.02643 31.54 0.833 
6 0.577 0.99951 | 0.03111 37.14 1.155. | 0.0008 
8 0.719 0.99939 | 0.03472 41.45 1.439 
10 0.849 0.99928 0.03772 45.04 1.699 0.0012 
15 1.140 0.99904 | 0.04368 52.16 2.278 
20 1.390 0.99883 | 0.04823 57.60 2.778 0.002 
25 1.620 0.99864 | 0.05206 62.19 3.237 
30 1.830 0.99846 | 0.05532 66.10 3.657 0.0026 
35 2.009 0.99831 | 0.05797 69.28 4.016 
40 2.199 0.99815 0.06064 72.48 4.395 0.0032 
50 2.550 0.99786 0.06527 78.04 5.094 
60 2.849 0.99761 | 0.06899 82.51 5.693 0.0042 
70 3.140 0.99737 | 0.07241 86.61 6.271 
80 3.419 0.99714 | 0.07555 90.39 6.830 0.0052 | 
90 3.680 0.99692 | 0.07836 93.77 7.348 : 
100 3.930 0.99671 0.08096 96.91 7.847 0.006 | 
110 4.179 0.99650 | 0.08349 99.95 8.345 Ì 
120 4.399 | 0.99632 0.08564 102.554) 3788 0.0068 
130 4.629 0.99613 0.08784 105.20 9.242 
140 4.850 0.99595 0.08989 107.68 | 9.680 0.0076 
150 5.049 0.99578 0.09172 109.88 10.07 
160 5.249 0.99561 0.09350 112.04 10.47 0.0083 
170 5.449 0.99545 | 0.09525 114.16 10.87 
180 5.650 0.99528 | 0.09697 P6940 ohh ay 0.009 
200 6.049 0.99495 | 0.10032 120.29 12.06 
220 6.400 0.99466 0.10316 123.73 12.76 0.0103 | 
240 6.750 0.99437. | 0.10592 127.08 13.46 


(*) As to the number of digits significant see remark on page 235. 
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255 
TABLE V (continued). (H) 

E (wp) E (MeV) VES pb? B pe (MeV) |p8 (MeV/c)| 7 (10-9 8) 
260 7.079 0.99410 0.10846 130.16 14.11 0.0116 
280 7.419 0.99381 0.11101 133.26 14.79 
300 7.750 0.99354 0.11343 136.20 15.44 0.0128 
320 8.050 0.99329 0.11558 138.82 16.04 
340 8.349 0.99304 0.11769 141.39 16.64 0.014 
360 8.630 0.99281 0.11963 143.75 17.19 
380 8.899 0.99259 0.12147 145.99 17273 0.0151 
400 9.199 0.99234 0.12347 148.44 18.32 
420 9.500 0.99209 0.12545 150.85 18.92 0.0162 
440 9.749 0.99189 0.12707 152.83 19.42 
460 9.999 - 0.99168 0.12867 154.79 19.91 0.0172 
480 10.25 0.99148 0.13024 156.72 20.41 
500 10.50 0.99127 0.13180 158.62 20.90 0.0182 
540 10.99 0.99086 0.13486 162.37 21.89 
580 11.49 0.99045 0.13785 166.04 22.89 0.0202 
620 12.00 0.99004 0.14077 169.63 23.88 
660 12.39 0.98971 0.14306 172.45 24.67 0.0221 
700 12.80 0.98938 0.14532 175.22 25.46 
740 13.29 0.98897 0.14808 178.63 26.45 0.0239 
780 13.69 0.98864 0.15025 181.31 27.24 
820 14.10 0.98831 0.15239 183.96 28.03 0.0256 
860 14.49 0.98799 0.15450 186.56 28.82 
900 14.79 0.98774 0.15606 188.49 29.41 0.0274 
950 15.30 0.98733 0.15863 191.67 30.40 

1000 10470 0.98696 0.16091 194.51 31.30 0.0394 

1100 16.62 0.98625 0.16524 199.88 33.03 

1200 17.47 0.98556 0.16929 204.92 34.69 0.0334 

1300 18.28 0.98490 0.17310 209.67 36.29 

1400 19.07 0.98426 0.17670 214.17 37.84 0.0372 

1500 19.83 0.98364 0.18011 218.45 39.34 

1600 20.57 0.98304 0.18336 222.52 40.80 0.0408 

1700 21.29 0.98246 0.18646 226.42 42.22 

1800 22.00 0.98189 0.18944 230.17 43.60 0.0444 

1900 22.68 0.98133 0.19229 233.76 44.95 

2000 23.35 0.98079 0.19503 237.23 46.26 0.0478 

2100 24.01 0.98026 0.19767 240.57 47.55 i 

2200 24.65 0.97974 0.20023 243.81 48.81 0.0512 

2300 25.28 0.97924 0.20269 è 246.94 50.05 

2 400 25.90 0.97874 0.20508 249.98 51.26 0.0544 
| 2500 26.51 0.97825 0.20740 252.92 52.45 

2600 27.11 0.97777 0.20964 255.79 53.62 0.0576 

2700 27.70 0.97730 0.21183 258.58 54.77 

2800 28.28 0.97684 0.21395 261.30 55.90 0.0603 

2900 28.85 0.97638 0.21602 263.95 57.02 
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TABLE V (continued). (H) 

R (u) | E(MeV)| V1— 8? B pe (MeV) |pR (MeV/c)| 7 (10-9 s) 
3 000 29.41 0.97593 0.21804 266.53 58.11 0.0636 
3100 29.96 0.97549 0.22001 269.06 59.19 
3200 30.51 0.97506 0.22193 271.53 60.26 0.0666 
3300 31.04 0.97463 0.22380 273.95 61.31 
3400 31.58 0.97421 0.22564 276.31 62.34 0.0696 — 
3500 32.10 0.97379 0.22743 278.63 63.37 
3 600 32.62 0.97338 0.22918 280.90 64.37 0.0724 
3700 Sey ils} 0.97297 0.23090 283.12 65.37 
3 800 33.64 0.97257 0.23259 ~ 285.30" 66.36 0.0752 
3900 34.14 0.97217 0.23424 287.45 67.33 
4000 34.63 0.97178 0.23586 289.55 68.29 0.078 
4100 35.12 0.97139 0.23745 291.62 69.24 
4200 35.61 0.97101 0.23901 293.66 70.19 0.0808 
4300 36.09 0.97063 0.24055 295.65 71-12 
4400 36.56 0.97026 0.24205 297.62 72.04 0.0834 
4500 37.03 0.96989 0.24353 299.56 72.95 
4600 37.50 0.96952 0.24499 301.46 73.85 0.086 
4700 37.96 0.96916 0.24642 303.34 74.75 
4800 38.41 0.96880 0.24783 305.19 75.63 0.0888 
4900 38.87 0.96844 0.24922 307.01 76.51 
5000 39.32 0.96809 0.25059 308.81 77.38 0.0914 
5200 40.20 0.96739 0.25326 312.33 79.10 
5400 41.07 0.96671 0.25586 Sooo 80.79 0.0964 
5 600 41.93 0.96604 0.25838 319.09 82.44 
5 800 42.78 0.96538 0.26084 322.34 84.08 0.1014 
6 000 43.61 0.96473 0.26323 325.52 85.68 
6 200 44.43 0.96409 0.26557 328.62 87.27 0.1064 
6 400 45.24 0.96346 0.26784 391.65 88.83 
6600 46.04 0.96284 0.27006 334.62 90.37 0.1112 
6800 46.82 0.96222 0.27224 337.53 91.89 i 
7000 47.60 0.96162 0.27436 340.37 93.38 0.116 
7200 48.37 0.96103 0.27644 343.16 94.86 
7400 49.13 0.96044 0.27847 345.90 96.32 0.1206 
7600 49.88 0.95986 0.28046 348.59 97.76 
7800 50.62 0.95929 0.28242 301.22 99.19 0.1252 
8000 51.36 0.95872 0.28433 353.81 100.60 
8200 52.08 0.95816 0.28621 356.36 101.99 0.1296 
8400 52.80 0.95761 0.28805 358.86 103.37 
8 600 53.51 0.95706 0.28986 361.32 104.73 0.1342 
8800 54.22 0.95652 0.29164 363.74 106.08 
9000 54.91 0.95599 0.29338 366.12 107.41 0.1384 
9500 56.63 0.95468 0.29762 371.92 110.69 

10000 58.30 0.95340 0.30169 SRI 113.89 0.1492 

10500 59.94 0.95215 0.30561 382.91 117.02 

11000 61.55 0.95093 0.30938 388.13 120.08 0.1596 

11500 63.12 0.94974 0.31302 393.19 123.08 
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TABLE V (continued). (H) 

R (n) E (MeV) | V1— B? B pe (MeV) |pB (MeV/c)| T (10-9 8) 
12000 64.67 0.94857 0.31654 398.10 126.01 0.1698 
12500 66.19 0.94743 0.31995 402.87 128.90 
13 000 67.68 0.94631 0.32325 407.51 13179 0.1798 
13 500 69.14 0.94521 0.32645 412.03 134.51 
14000 70.59 0.94413 0.32956 416.43 137.24 0.1894 
14500 72.01 0.94307 0.33259 420.73 139.93 
15000 73.41 0.94202 0.33553 424.92 142.57 0.199 
15500 74.79 0.94100 0.33840 429.02 145.18 
16000 76.16 0.93999 0.34119 433.03 147.75 0.2082 
16500 77.50 0.93899 0.34392 436.95 150.27 
17000 78.83 0.93801 0.34658 440.79 152.77 0.2174 
17500 80.13 0.93705 0.34918 444.56 155.23 | 
18 000 81.43 0.93610-=|* 0.35172 448.25: 157.66 0.2264 
18500 82.71 0.93516: 0.35421 451.87 160.05 
19000 83.97 0.93423 0.35664 455.42 162.42 0.2352 
19500 85.22 0.93332 0.35902 458.91 164.76 
20000 86.45 0.93242 0.36136 462.34 167.07 0.2438 
21000 88.88 0.93065 0.36589 469.03 171.61 
22 000 91.27 0.92893 0.37025 475.50 176.05 0.2608 
23 000 93.60 0.92724 0.37445 481.77 180.40 
24000 95.89 0.92559 0.37851 487.86 184.66 0.2774 
25000 98.14 0.92398 0.38243 493.77 188.83 
26 000 100.36 0.92240 0.38623 499.53 192.93 0.2936 
27000 102.53 0.92085 0.38990 505.14 196.96 
28000 104.67 0.91933 0.39347 510.61 200.91 0.3094 
29000 106.78 0.91784 0.39694 515.94 204.80 
30000 108.86 0.91637 0.40031 521.15 208.62 0.325 
31000 110.91 0.91493 0.40359 526.25 212.39 
32 000 112.93 0.91352 0.40678 531.23 216.10 0.3402 
33 000 114.92 0.91213 0.40989 536.11 219.75 
34000 116.89 0.91076 0.41293 540.89 223.35 0.355 
35 000 118.83 0.90941 0.41589 545.58 226.90 
36000 120.75 0.90808 0.41878 550.17 230.40 0.3696 
37000 122.64 0.90677 0.42160 554.68 233.86 

= 38.000 124.52 0.90448 0.42436 559.11 237.27 0.384 
39000 126.37 0.90421 0.42707 563.46 240.64 
40 000 128.20 0.90296 0.42971 567.74 243.96 0.3982 
41 000 130.01 0.90172 0.43230 571.94 247.25 
42 000 131.80 0.90050 0.43484 576.08 250.50 0.4122 
43 000 133.58 0.89930 0.43732 580.15 253.71 
44000 135.34 0.89811 0.43976 584.15 256.89 0.426 
45 000 137.08 0.89693 0.44215 588.10 260.03 
46 000 138.80 0.89577 0.44450 591.98 263.13 0.4396 
47000 140.51 0.89463 0.44680 595.81 266.21 
48 000 142.20 0.89349 0.44906 599.59 269.25 0.453 
49000 143.87 0.89237 0.45128 603.31 PR ORM 
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TABLE V (continued). (H) 
R(u | BE (MeV) | V1— 8? B pe (MeV) |pB (MeV/c)| 7 (107? s) 
50 000 145.53 0.89126 0.45347 606.99 275.25 0.4662 
52 000 148.82 0.88909 | 0.45773 | . 614.19. | 281.13 
54000 | 152.04 0.88695 0.46185 |: 621.21 286.90 0.4922 
56 000 155.22 0.88486 0.46584 628.05 292.57 
58.000 158.34 0.88282 0.46970 634.74 298.14 0.5176 
60000 161.43 0.88081 0.47346 |: 641.27 303,61 
62.000 164.46 -| 0.87884 0.47711 647.66 309.00 0.5424 
64.000 167.46 0.87690 | 0.48065 653.91 314.30 
66000 170.41 0.87500 0.48410 660.04 319.53 0.567 
68 000 173.33 0.87314 0.48746 666.04 324.67 
70000 176.21 0.87130 0.49074 671.93 329.74 0.5908 
72 000 179.05 0.86949 0.49393 677.70 334.74 
74000 181.86 0.86772 0.49705 683.37 339.67 0.6144 
76000 184.64 0.86597 0.50009 688.94 344.53 
78000 187.38 0.86424 0.50306 . | | 694.42 349.34 0.6376 
80000 | 190.10 0.86255 0.50596 699.80 354.08 
82200 | .192.79 0.86087 0.50880 |: 705.10 358.76 0.6604 
84000 | 195.45 0.85923 0.51158 |: 710.31 363.38 
86000 | 198.08 0.85760 0.51430 |: 715.44 367.95 0.683 
88 000 200.68 0.85600 0.51697 720.49 372.47 
90000 | 203.26 0.85442 0.51958 |: 725.47 376.94 0.7052 
100000 | ‘215.81 0.84681 0.53189 749.33 398.56 
110000 | 227.82 0.83965 0.54312 771.68 419.11 0.797 
120000 | 239.37 0.83288 0.55344 792.74 438.74 
130000 | 250.51 | 0.82645 0.56300 812.70 457.55 0.8978 
140000 | 261.29 0.82033 0.57189 831.69 475.63 
150000 | 271.74 0.81447 0.58019 849.83 493.07 0.9938 
160000 | 281.89 0.80887 0.58798 867.21 509.91 
170000 | :291.77 0.80348 0.59532 883.92 526.21 1.086 
180000 | ‘301.41 0.79830 0.60225 900.01 542.03 
190000 | 310.81 0.79331 0.60881 915.54 557.39 1.1748 
200000 | 320.01 0.78849 | 0.61504 930.56 572.34 
210000 | 329.01 0.78383 0.62097 945.12 586.90 1.2606 
220000 | 337.82 0.77931 0.62662 | 959.25 601.10» 
230000 | 346.46 0.77494 0.63203 972.99 614.96 1.3438 
240000 | 354.95 0.77069 0.63720 986.36 628.51 
250000 | 363.28 0.76656 0.64216 999.38 641.76 1.4248 
260000 | 371.47 0.76255 0.64692 1012.09 654.74 
270000 | 379.52 0.75865 0.65149 | 1024.49 667.45 1.5036 
280000 | 387.45 0.75484 0.65590 | 1036.62 | 679.92 

| 290000 | 395.25 0.75113 0.66014 | 1048.48 692.15 1.5808 
300000 | 402.94 0.74751 0.66424 | 1060.09 704.16 
310000 | 410.52 0.74398 0.66819 | 1071.47 715.95 1.656 
320000 | 418.00 0.74053 0.67202 1082.62 727.54 
330000 | 425.37 0.73715 0.67572 | 1093.57 738.95 1.7298 
340000 | 432.65 0.73385 0.67930 | 1104.31 750.16 


RI 
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TaBLe VI. — Protons; D = 0.5 yp. 


259 


E (1) t (1) F (1) t (1) E (u) t (1) 
40 15 1965 62 5481 90 
55 17 2027 63 5571 91 
72 18 2090 63 5 662 91 
90 20 2153 64 5753 92 

110 22 22107 65 5 845 92 
132 23 2282 66 5 937 93 
155 25 2348 66 6030 93 
180 26 2414 67 6123 94 
206 28 2481 68 6217 94 
234 29 2549 68 6311 95 
263 30 2617 69 6406 95 
293 32 2686 70 6501 96 
325 33 2756 70 6597 96 
358 34 2826 vii 6693 97 
392 35 2897 72 6790 97 
427 36 2969 2 6 887 98 
463 37 3041 73 6985 98 
500 38 3114 73 7083 99 
538 39 3187 74 7182 99 
577 40 3261 75 7281 100 
617 41 3336 715 7381 100 
658 42 3411 76 7481 101 
700 43 3487 76 7582 101 
743 44 3563 77 7683 102 
787 45 3 640 78 7785 102 
832 46 3718 78 7887 103 
878 47 3796 79 8990 103 
925 48 3875 79 8093 104 
973 48 3954 80 8197 104 
1021 49 4034 81 8301 105 
1070 50 4115 81 8406 105 
1120 51 4196 82 8511 106 
TL! 52 4278 82 8617 106 
1223 53 4360 83 8723 107 
1276 53 4443 83 8 830 107 
1329 54 4526 84 8937 107 
1383 55 4610 85 9044 108 
1438 56 4695 85 9152 108 
1494 56 4780 86 9 260 109 
1550 57 4 866 86 9 369 109 
1607 58 4952 87 9478 110 
1665 59 5039 87 9588 110 
1724 59 5126 88 9698 110 
1783 60 5214 88 9808 111 
1843 61 5 302 89 9919 111 
1904 61 5391 90 10030 112 


260 
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TagLe VII. — Protons; D= 1.0 w. 


E (u) 


R (pu) t (u) E (u) t (1) t (1) 
40 24 2190 101 6149 146 
64 28 2291 102 6295 148 
92 32 2393 104 6443 149 
124 36 2497 105 6592 150 
160 39 2602 107 6742 151 
199 43 2709 108 6 893 153 

242 46 2817 110 7046 154 
288 49 2927 112 7200 155 
Gem 52 3039 113 7355 156 
389 54 3152 114 7511 157 
443 57 3266 116 7668 158 
500 59 3382 118 7 826 160 
559 62 3500 119 7986 161 
621 64 3619 121 8147 162 
685 66 3740 122 8309 163 
751 69 3 862 123 8472 164 
820 71 3985 125 8 636 165 
891 73 4110 126 8 801 166 
964 75 4236 128 8 967 167 

1039 17 4364 129 9134 169 

1116 79 4493 rst 9 303 170 

1195 81 4624 132 9473 171 

1276 83 4756 133 9 644 172 

1359 85 4889 135 9816 173 

1444 87 5024 136 9989 174 

1531 89 5 160 137 10163 176 

1620 91 5297 139 10339 177 

711 93 5436 140 10516 178 

1804 94 5576 141] 10 694 179 

1898 96 5717 143 10873 180 

1994 97 5860 144 11053 181 

2091 99 6.004 145 11234 eS 
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TABLE VIII. — t-Mesons; D = 0.5 p. 


261 


È (u) t (1) R () t (1) R (1) t (1) R (u) tu) | 
40 12 1360 45 3738 65 6 885 81 
52 14 1405 46 3 803 65 6 966 82 
66 15 1451 46 3 868 66 7048 82 
81 16 1497 47 3934 66 7130 82 
97 17 1544 47 4000 67 7212 83 

114 18 1591 48 4067 67 7295 82 
132 19 1639 48 4134 67 88 83 
151 20 1687 49 4201 68 7461 84 
171 21 1736 49 4269 68 7545 84 
192 99 1785 50 4337= | 69 7629 84 
214 23 1835 50 4406 69 77/13 85 
237 24 1885 51 4475 69 7798 85 
261 25 1936 51 4544 - 70 7883 85 
286 26 1987 52 4614 70 7968 86 
312 26 2039 52 4684 71 8054 86 
338 27 2091 53 4755 71 8140 86 
365 28 2144 53 4826 71 8226 87 
393 29 2197 54 4897 72 8313 87 
422 30 2251 54 4969 7 8 400 87 
452 30 2305 55 UY «Poet eine 63 8 487 88 
482 31 2 360 55 5114 73 8575 88 
513 32 2415 56 5187 73 8 663 88 
545 32 2471 56 5 260 74 8751 89 
577 33 2527 56 5 334 74 8 840 89 
610 34 2583 57 5 408 74 8 929 89 
644 35 2 640 57 5 482 75 9018 90 
679 35 2697 58 5557 75 9108 90 
714 36 2755 58 5 632 76 9198 90 
750 36 2813 59 5708 76 9288 90 
786 37 2872 59 5784 76 9378 91 
823 38 2931 60 5860 77 9469 91 
861 38 2991 60 5937 77 9560 91 
899 39 3051 60 6014 77 9651 92 
938 40 - 3111 61 6091 78, 9743 92 
978 40 3172 61 6169 78° 9835 92 
1018 41 3233 62 6247 78 9927 92 
1059 41 3295 62 6 325 79 10019 93 
1100 42 3357 62 6 404 79 10112 93 
1142 42 3419 63 6483 80 10205 93 
1184 43 3482 63 6 563 80 10298 94 
1227 44 3 545 64 6 643 80 10392 94 
1271 44 3609 64 6723 8] 10486 94 
1315 45 3673 65 6 804 81 10580 = 
| 


t 
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Taste IX — n-Mesons; D = 0.5m. 


ae 


R (u) tu) R (u) .t (1) R (wu) t (1) 
40 9 942 28 2510 è TEGO 
49 10 970 28 2550 40 
59 11 998 29 2590 40 
70 11 1027 29 2630 40 
81 12 1056 29 2670 41 

| 93 12 1085 29 QUAD 41 
105 13 1114 30 2752 41 
| 118 13 1144 30 2793 41 
131 14 1174 30 2834 41 
145 14 1204 31 2875 42 
159 15 1235 31 2917 42 
174 15 1266 31 2959 42 
189 16 1297 31 3001 42 
205 16 1328 32 3043 43 
221 17 1360 32 3086 43 
238 i 1392 32 3129 43 
255 18 1424 32 3172 43 
273 18 1456 33 3215 43 
291 18 1489 33 3258 44 
309 19 1522 33 3302 44 
328 19 1555 34 3346 44 
347 20 1589 34 3390 44 
367 20 1623 34 3.434 44 
387 20 1657 34 3478 45 
407 21 1691 35 3523 45 
428 21 1.726 - 35 3568 45 
449 21 1761 35 3613 45 
470 22 1796 35 3 658 45 
492 22 1831 36 3703 46 
514 22 1867 36 3749 46 
536 25 1903 36 3795 46 
559 23 1939 36 3841 46 
582 24 1975 37 3887 46 
606 | 24 2012 37 3933 47 
630 24 2049 37 3980 47 
654 25 2086 37 4027 47 
679 25 2123 38 . 4074 47 
704 25 2161 38 4121 47 
729 26 2199 38 4168 48 
755 26 9240 38 4216 48 
781 26 2275 39 4264 48 
807 26 2314 39 4312 48 
833 27 2353 39 4360 48 
860 DI 2392 39 4408 49 
887 27 2431 39 4457 | 49 
914 28 2470 40 4506 | 49 


TABLE IX (continued). 
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È (u) t (n) R (n) t (1) R (u) t (1) 
4555 49 6325 55 8288 60 
4604 49 6 380 55 8348 61 
4653 50 6435 55 8409 61 
4703 50 6490 56 8470 61 
4753 50 6 546 56 8531 61 
4803 50 6 602 56 8592 61 
4853 50 6 658 56 8653 61 
4903 50 6714 56 8714 62 
4953 51 6770 56 8776 62 

5004 51 6 826 57 § 838 62 
5 055 51 6 883 57 8900 62 
5106 51 6 940 57 8 962 62 
5157 51 6997 57 9024 62 
5208 51 7054 57 9086 62 
5259 52 7911 57 9148 63 
5311 52 7168 58 9211 63 
5363 52 7226 58 9274 63 
5415 52 7284 58 9337 63 
5467 52 7342 58 9400 63 
5519 52 7400 58 9463 63 
5571 53 7458 58 9 526 63 
5 624 53 7516 58 9589 64 
5677 53 7574 59 9 653 64 
5730 53 7633 59 9717 64 
5783 53 7692 59 9781 64 
5 836 54 7751 59 9 845 64 
5 890 54 7810 59 9909 64 
5944 54 7869 59 | 9973 64 
5998 54 7928 60 10037 65 

| 6 052 54 7988 60 10 102 65 
6106 54 8048 60 10167 65 
6160 55 8108 60 10232 65 
6215 55 8168 60 10297 65 
6270 55 8228 60 
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SEZIONE III 


Questioni relative alla tecnica delle camere a nebbia, 


V-particles and the Cloud Chamber. 


P. M. S. BLACKETT 


Imperial College - London 
1. — Main Results. 


In Table I are shown some rough details of some of the main cloud chambers 
being used in different parts of the world for the study of V-events by the 
method of the counter controlled cloud chamber. Between one and two 
thousand neutral and charged V-events must have already been photographed 
since their accidental discovery by ROCHESTER and BUTLER in 1947, and the 
present day world production rate must amount to nearly 20 a day. 

The main results relating to neutral V-events so far established by the 
cloud chamber method are the proof of the existence of the two new unstable 
neutral particles with the following decay schemes: 


(1) Ao->P+ + 2 + ( 37-43) MeV, 
(2) 00 > rt +--+ (214 +5) MeV. 


With associated lifetimes 
Ti 341) LOR 8s 


To = (1.748) -10- 8. 


In addition there are some-possible indications of the rare occurrence of other 
neutral particles and processes, e.g. processes of the type of (1) and (2), but 
with different values of Q, or with varying values of Q, indicating a three 
body decay. 

Cloud chamber photographs have also shown the existence of both posi- 
tively and negatively charged V-particles, with a mass about 950 MeV and 
of which the decay products include 7 and yu mesons and either photons or 
~°-mesons. The life time of these particles, which may be of more than one 
type, has been shown to be longer than 10-° s. Some evidence for unstable 
charged particles of greater than proton mass have been found on cloud chamber 
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photographs, but this evidence is not as definite as that from photographic 
emulsions. Some evidence exists for a double decay process in which a 
charged particle decays and produces an unstable neutral particle which also 
decays. If, as seems probable the latter is a A° particle, then the unstable 
charged particle must be a hyperon. 

Recently the diffusion cloud chamber used in conjunction with the Brook- 
haven cosmotron has shown that both A°-, 6°-, and K-particles can be produced 
when negative z-mesons of energy about 1.5 GeV collide with protons. Defi- 
nite evidence for the simultaneous production of A°- and 9°-particles has been 
obtained. 


TABLE I. — Some details of magnet cloud chambers. 


Dimensions | Cross- | Solid Volume | Field ‘Approx. rate| Reset- 
Group of chamber | sectional) angle of (gauss) of V-particles| ting 
and Altitude | (illuminated) area chamber | and (per week) | time 
(sterad) 3 : ; i! 
(em) (cm?) | (litres) | Power running time) (min) 
Pic-du-Midi 25 diameter 200 | 0.50 3.5 | 7500 | 10 (e VIE 
| (2867 m) x7 deep | (12kW) 
| Jungfraujoch | 50x50 x 18 900 | 0.36 45 6 000 20 4 
(3460 m) | (30 KW) 
| Indiana | 55x27x12.51 340 | 011 18 7000 2 4 
(sea level) | | (30 kW), 
| Princeton | 40x 40x15 600 0.28 | 24 5400 | 20 21 
(3000 m) | | (30 kW) (30% from 
| | | plate) | 
École 68 x 64 x 30 2040 | 0.40 | 130 2609 | 12 6 
Polytechnique | | (250kW) 
(2867 m) | 
Pasadena 33 x 40 x 12 400 0.25 | 15 5 000 10 2 
/ (1 760 m) (2 chambers) | (13 kW) | 
| (220 m) 60 x $0 x 20 1200 0.20 | 96 7200 10 ? 
| (2 chambers) 
(220 m) 50 x 50 X 15 750 | 0.30 | 37 4000 | ? dint 
(1 chamber) | (2) 
Berkeley 50x 40x 12 480 | 0.20 | 24 8000 ? (tt 
| (sea level) | | | (15 kW) 


266 P. M. S. BLACKETT 


In general, it may be said that both the photographic emulsion and the 
cloud chamber methods have distinct, but complementary roles. In other 
lectures the technique of emulsion work is fully discussed; in this series of 
lectures Dr. PEYRov, Dr. BuRHoP, Mr. NEWTH, Mr. BARKER and I will discuss. 
some of the more important aspects of the technique of the counter-controlled 
cloud chamber as applied to the study of V-events. In the presentation, a, 
general familiarity with the cloud method will be assumed, for instance as. 
contained in Principles of Cloud Chamber Technique by J. G. WILSON and in 
Cloud Chamber Photographs of the Cosmic Radiation by J. G. WILSON and G. D. 
ROCHESTER. 


2. — Possible Technical Improvements. 


The main types of cloud chamber in use for investigating V-events in cosmic 
rays are the magnet cloud chamber, the multiplate chamber and the high 
pressure chamber. Particularly useful has proved the use of the two former 
in combination. So far, the diffusion chamber, so ideally suited to use with 
pulsed ray sources from accelerating machines has found no effective applic- 
ation to cosmic ray work. The guiding theme of these three lectures is to 
consider how the work with cloud chambers may be expected to develop in 
the next few years, and, in particular, to investigate in what direction im- 
provements in technique may prove possible. 

It must be noted at once that it is highly probable that important new 
results both quantitative and qualitative are to be expected from a mere mul- 
tiplication of photographs at the present level of technique. . When, say 
20000 V-events have been photographed compared with the present 1000 to 
2000, not only will the statistical accuracy of the @-values and life times be 
much increased, but it is highly probable that new types of rare events. 
will be discovered. To achieve such results is mainly a problem of adequate 
resources in personnel and finance, and will not be further discussed here. The 
existing and projected chambers should, if continuously and efficiently run, 
achieve a yield of some 5000 V events a year. Four or five years continuous. 
work with these chambers would certainly produce valuable new results. 

For our purpose, the important questions are in what ways can the existing 
level of technique be improved. I will confine my remarks to possible impro- 
vements in cloud chambers in a magnetic field, leaving the others to speak 
of the multiplate chamber, the combined magnetic and multiplate chamber 
and the high pressure chamber. 

The most important improvements in the technique of the magnet cloud. 
chamber seem to be: 


a) Increased precision of momentum measurement. 
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b) Increased precision of ionisation estimates. 

c) Reduced resetting time of a chamber to allow a faster rate of photo- 
graphy. 

d) Improved selection systems. 

e) Larger chambers to give better life time measurement and to inves- 
tigate more effectively double decay processes. 


3. — Precision of Momentum Measurement. 


In most chambers, the main error of a momentum measurement results: 
from convection currents in the gas. However, it does seem possible, by very 
careful attention to the thermal conditions of a chamber of moderate size, 
to approach if not actually to reach the ideal limit of precision set by the 
diffusion of the ions during track formation (*), and by the scattering of the 
particles in the gas. 


3'1. Error of Momentum Measurement due to the Diffusion of the Ions. — 
Following and extending the treatment by WILSON, we will consider the 
distribution of ions at the end of the expansion, that is at time 7, after the 
passage of the ray. The distribution of drop images (at. unit magnification) 
from the path of the ray is given by 


(3) 0(x)= 00 exp 


whence the R.M.S. displacement of the images is found to be 
(4) = (@)t = V2DT, 


where D is the coefficient of diffusion of the ions. 

Consider the distribution of drops about the track of a particle which has. 
moved in a straight line. Owing to the diffusion of the ions, the distribution 
of drops will deviate from the straight line, and so give rise to a small ap- 
parent curvature which can be calculated approximately as follows. 

Following experimental practice, we suppose the curvature to be deter- 
mined by measuring the displacement of the central portion of the track 
relating to the end portions. To do this we divide the track of length L into, 
say, three equal parts, and measure the mean displacement of the drops in 
each (see Fig. 1). If there are n ions of both signs per cm, the number n, of 
drops in each part of the track is ¥nZ. Since the R.M.S. displacement of 
each drop is 2, the R.M.S. displacement 6Z, of the mean position of n, drops 


(*) J. G. WiLson: loc. cit., p, 97. 
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; me 
is x,/n; whence 


(5) va 


Fig. 1. — Method of measuring apparent. curvature. 


‘This then is the R.M.S. error of each of the three ordinates Z,, Z, and Z, in 
Fig. 1. The sagitta A is defined by 


(6) A= (Zi sa Vla Za 
and it can be shown in the usual way that the R.M.S. error dA of A is given by 
(6a) dA = (3/2) dZ . 


‘The effective curvature C, defined as the reciprocal of the effective radius of 
‘curvature 0, is calculated from the usual relation 


‘Thus an error 6A in A produces an error 60 in C given by 


dA 
(8) 0c = 8 a 
which gives using (6a) 
(9) OC = IIC) pad 


In the case we are considering, we have 
= 2/3 L 
‘and introducing 6Z from (5) we get 


ae) 


(10) du | 
n 
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BARKER has shown that the momentum error is reduced by a factor 0.72 
when the curvature determination is made from measurements of a large 
number of segments of the track, rather than the three segments considered 
above, and when a least square solution is used to give the curvature error. 
Adopting the lower values we have 


+ 
(104) 60 = 39 r4(22) 5 


n 


Now the curvature C, of a particle of momentum p eV/c in a magnetic 
field H is given by 


H 
(11) C = 300 > 


whence the R.M.S. error dp of a measured momentum p is given by 


(te) _ 80 
p TREO 


which using (10) and (11) gives 
i \} 
(12) (2) = 0.13L-ipH-! Gok 
P Ja n 


The suffix d is used to denote that the error dp arises from the diffusion of 
the ions. 

Consider a chamber filled with argon (Z = 18) at N.T.P. and which has 
an expansion time 7, = 0.02 s. Taking D as 0.033 cm? s-1, and n as 80 drops 
per em (*), we find from (12) that 


(13) (2) = 3.75-10-*pHL5 . 
P Ja 


Now since D in (12) is inversely proportional to the pressure P and since n 
is proportional to P, we see that dp oc (D/n)* and so is inversely proportional 
to P. Thus if P is measured in atmospheres, and noting that (13) refers 
to the case of P = 1, we can rewrite (13) for any value of the pressure in 
the form 


(14) (7) == Byolia tee pH L-*P— ; 
P Ja 


(*) This value is taken from some unpublished results by UTTLEy. 
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This gives the relative R.M.S. momentum error due to the diffusion of the 
ions, in a chamber filled with argon at P atmospheres, when the momentum 
of the particle is p eV/c, the length of the track is Z cm, and the magnetic 
field is H gauss. 


3:2. Error of a Momentum Measurement due to Scattering. — Bethe following 
Williams’ treatment gives for the R.M.S. curvature error dC introduced by 
the multiple scattering of a singly charged particle 

x 1 162\? e2Z NA 
(15) 60 =: | = ‘Lip'Be , 
where L is the length of the track made by a particle of momentum p’ c.g.s., 


6 = v/e, e is the electronic charge, Z the atomic number of the gas in the 
chamber, N the number of nuclei per cm*, and 


(16) A= 


Gee 


where 0.,,, is the maximum angle of single scattering that would not be recog- 
nised as such, or alternatively the minimum angle of scattering that would 
be so recognised. 0, is the minimum angle of single scattering which occurs, 
this limit being set by the screening of the nuclear charge by the atomic 


electrons (*). It is given by 
17 a 
( 7) min — 137p' 


where m is the electronic mass. 

The curvature C of a track of momentum p’ c.g.s. units in a magnetic 
field H is 
18) = 
( “RE e pie , 


whence with (18) and (15) we have 


(19) 


(Ca) oO ae eZNtA 
“a 3 


p ii Lin 


This gives the relative R.M.S. momentum error due to scattering. 
H- we: put. e,=4.8-10-1esiu, NV =—'2.70°10 per Sem’ forcarron: 


(*) See B. Rossi: High Energy Particles (New York, 1952), p. 65. 
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(Z=18) at N.T.P. we find for the same gas at a pressure of P atmospheres 
lo) 12 
(20) (=) Eg 


The quantity A only changes slowly with the momentum. For argon (Z=18) 
and for @,,,. = 0.04 radian, about 2°, we find the following values of A. 


TABLE Il. 
p eV/e 108 | 109 1010 1011 
A 2.44 2.86 3.26 3.59 


3°3. Error of Momentum Measurement due to Diffusion and Scattering. — 
The total relative R.M.S. error dp/p for tracks in argon is given by 


+7) 


where (dp/p), and (dp/p), are given by (14) and (20), whence 


, 
(21) Jae 
p 


p PA*|3 


pr A 
LAE a -3.4-108 
Tapi 13410 5 


H 


(22) 1.40-107? 


For high values of the momentum p, the first term due to diffusion predomi- 
nates and at low values, the second term due to scattering. When the pressure P 
is high, the scattering term predominates: when it is low, the diffusion term 
is the more important. For long tracks the scattering term predominates, 
and for short tracks the diffusion term. 


34. Variation with Pressure. Optimum Pressure and Minimum Error. — 
When designing a cloud chamber, the pressure P can, in principle, be chosen 
at will to give the minimum total error for given values of 8, p and L. In Fig. 2 
the values of dp/p from (22) are shown as a function of pressure of certain 
selected values of p and L. A magnetic field of 8000 gauss is assumed and 
has been taken unity. 

For low pressures all the curves fall steeply as 1/P? with increasing pres- 
sure, reaching a shallow minimum and then rising slowly as Pì. The pressure 
P, at which the minimum error occurs is found from (22) to be 


(23) P = 0.94-10-*piptL-5 . 
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The quantity A has been taken as constant and given the value 3.14 cor- 
responding to p= 5-10? eV/c. 

If we now insert the value of P, into (22), we find for the minimum value 
of the relative error 


2) 6.93p* 
min 


(24) der 


It will be noticed that the variation of the minimum error, that is, the error 
when the pressure has its optimum value, with momentum, varies as pì, and 
so varies only rather slowly. With length of track it varies only a little faster 
than inversely. 


0 2 4 6 8 10 12 14 16 18 20 22 24 
Atmospheres ——> 
L pb L pb 
Curve 1 20 108 eV/e Curve 4 40 10° e/Ve 
2 10 10?) = > 5 20 10105) 
3 20 OP 5) 6 40 10506» 


Fig. 2. — Relative error Ap/p expressed as a percentage, due to diffusion and scattering 
as function of chamber pressure for various values of L and pf. Equation (22). 


Table III gives the optimum pressure P, and the corresponding minimum 
total error expressed as a percentage due to diffusion and scattering for se- 
lected values of p and L. 
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TABLE III. 
ig La 
SI 5 10 20 40 
PB eve = 
108 2.4 0.94 0.37 0.15 
6.1% 3.4% 1.2% 0.5% 
ae 11.0 4.4 1.8 0.7 
13.1% TRENT PD GO Ra 1.1% 
E 50 20 8 3 
28% 1699 °F 56% 2.3% 
Optimum pressure in atmosphere (top figures) and minimum error 
| (lower figures) for various values of Z and pf. 


To see how the error varies with the pressure it is convenient to express 
the pressure in terms of the optimum pressure and the error in terms of the 
minimum error. Thus we find from (23), (24) and (25) that 


4/- \ 
65 oa 

Pp / Pp min 3 n° 
where z is the pressure in units of P,. Thus all the curves of Fig. 2 are 


essentially of the same shape. From (25) it is seen that the error is less than 
1.5 times the minimum error if P lies within the range 14P, to 3P,. 


3:5. Comparison with Observation. — It has been customary to denote the 
accuracy of momentum measurements by the maximum detectable momen- 
tum p, (often denoted M.D.M.) defined by 


(26) 


do 
R 


This is a useful procedure for chambers in which the ultimate errors are 
set by convection and so are independent of the momentum, so that p, is a 
constant for the chamber. It is a less useful quantity in our case when the 
ultimate errors are set by diffusion and scattering, since then p,, depends on p. 

BLACKETT, BRoDE and WiILson in 1935-37 obtained a value of p, of 
20 GeV with 20 cm tracks in 10000 gauss in argon at 1.5 atmospheres. Re- 
cently BARKER with the same magnet, now at the Pic-du-Midi, but with a 
deeper chamber, and with 8000 gauss reported the same value of p, for 
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15 em tracks. For p=1 GeV and p, = 20 GeV, (26) gives dp/p=5%- 
This is quite close to the value calculated from equation (22), which is found 
to be 4.3%. THompson has recently reported a value of 50 GeV for tracks 
50 cm long in a similar field and pressure giving dp/p = 2% for p= 1 GeV, 
which can be compared with the value calculated from (22) which is 1.2%. 

In chambers in which the greatest success has been achieved in reducing 
convection to a minimum it seems thus possible to reach or nearly to reach 
the inherent errors due to scattering and diffusion. 

Consider a small chamber, such as the Manchester Pic-du-Midi chamber, 
which works at 1.5 atmospheres, is 30 cm in diameter and has 7 cm illumi- 
nated depth and a field of 8000 gauss. The longest tracks, those nearly in 
the plane of the chamber, are about 20 cm long. For p= 10° eV/c and 
L= 20 cm, the optimum pressure is 1.8 atmospheres, which is close to that 
used (curve 2, Fig. 2). However, many tracks that have to be measured, 
such as the decay particles of V-events, are often short through being inclined 
at a large angle to the vertical. Thus, for instance, a 10° eV/c track of length 
10 em (curve 2) in a chamber at 1.5 atmospheres has an inherent error of 
12%, whereas at the optimum pressure 4.4 atmospheres, the error is only 7.3%. 

Some narrow angle V-events have energies of the order of 101° eV/c. A 
measurement of a track of this energy and length 29 cm will have an inherent 
error at 1.5 atmospheres of 17.5% (curve 3), whereas at the optimum pressure 
of 8 atmospheres this error is only 5.6%. 

For larger chambers the average track length of many types of events 
tends to be longer and so the optimum pressures are smaller and may be well 
below one atmosphere (Table III). However, in these cases the inherent error 
is generally rather small, so that there is little disadvantage in using a pressure 
well above the optimum. For 40 cm tracks the error of a 10° eV/c particle 
is 1.1%. One notes here the relevance of the fact that the error rises far 
more slowly above the optimum pressure than below it. Moreover, it is 
usually more important to achieve a moderate accuracy, better than, say, 
5%, for a wide variety of track energies and lengths rather than the attainable 
high accuracy, of 1% or less, for long low energy tracks. If an overall accu- 
racy of 5% is demanded, it is seen from Fig. 2 that this can be very nearly 
obtained for all the cases plotted, except curve 2, by using a pressure of about 
8 atmospheres. 

It must be emphasized again that all the above considerations depend on 
the effective avoidance of all convection currents in the gas: or, to be more 
precise, on the reduction of the curvature errors due to convection (and all 
other distortions) to values below that given by diffusion and scattering. How 
far this is generally possible, especially with large chambers, is not known. 

There are, of course, disadvantages in the use of high pressures when 
ionisation estimates are needed. In certain cases this factor may outweigh 
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the advantage of more accurate momentum measurements. However, for 
particles well up the high momentum ionisation plateau, where the ionisation 
is nearly constant, this disadvantage disappears. 


3°6. Convection Currents. — In a well designed chamber the main gaseous 
distortions of a track arise from slow steady convection currents present in 
the gas before the expansion. Suppose that relative velocity of the gas between 
the ends of the track transverse to a track is denoted by V and the time from 
the passage of the ray to the flash is denoted by 7,, then the centre of the 
track will be displaced relative to its ends by an amount 


(27) Apia oa 


For instance, in a chamber which gives a 5% accuracy in the measurement 
of a 1 GeV track (p, = 20 GeV), the sagitta 4, of a track of length 20 cm in 
a field of 8000 gauss is equal to 1/20 mm. In order that convection shall 
not worsen this error, we must have 4, ~ Ag. Suppose now, as is quite 
usual, that 7, is about 1/10 s, then we must have V less than 0.5 mm per s. 

This is the order of maximum convection current velocities that must 
have been achieved in the Manchester and Indiana chambers, both of which 
work at almost 1.5 atmospheres. If higher pressures are to bring higher ac- 
curacy, the convection error must be still further reduced. For instance, if 
a pressure of 5 atmospheres is used to obtain a 5% accuracy with a track of 
5 GeV (curve 5, Fig. 2), then the maximum permissible convection velocities 
must be reduced to 1/5 of the above, that is to say, 0.1mm per s. It 
seems that no experimental evidence exists as to what is the practical limit 
to which convection currents can be reduced. Special experiments to investi- 
gate the convection velocities and patterns in chambers of different size and 
at different pressures as a function of the temperature differences between 
different parts of the chamber are urgently needed. 

Experiments with existing chambers suggest that the temperature diffe- 
rence between the sides of a chamber should be kept within 0.01 °C, but 
that the top of the chamber should be kept up to but not more than 0.5 °C 
above the bottom in order to stabilise the gas. 

The logical extension of this method would be to maintain in the four 
walls of the chamber the same vertical gradient as it is desired in the gas. 
In this way, the convection currents resulting, even in a chamber with no 
horizontal temperature differences between the walls, from the difference 
between the gas temperatures and the walls, would be avoided. 
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4. — Ionization Estimates. 


Until very recently, most of the accurate ionization measurements on 
cloud chamber tracks have been made by the drop-counting technique. The 
expansion is usually delayed after the Geiger counter pulse in order that the 
gaseous ions may spread by diffusion and be separated into positively and 
negatively charged columns by an electric field. It has been found that com- 
plete condensation takes place on the positive column even if it is only about 
20% complete on the negative column. Thus, if the columns are separated, 
ionizations can be measured absolutely, although it is necessary to establish 
a criterion for rejecting cells containing unresolved clusters of ions. Unfor- 
tunately, accurate momentum measurements cannot be made on the delayed 
tracks and, in addition, the large electric field required to separate the columns 
introduces serious distortions in the tracks. If accurate mass measurements 
are required, the momenta of the particles must be measured outside the drop- 
counting chamber. This has been done by JONES, GHOSH and WILSON (1952) 
but their method cannot be applied to the penetrating showers in which 
V°-particles are found. 

Recently several groups of workers, notably those at the California Institute 
of Technology, at Berkeley and at Imperial College, have started to drop- 
count normal tracks which are formed about 10 ms after the triggering pulse 
and are not separated into the two columns. The details of the methods 
used have not been published yet but there is little doubt that the new tech- 
niques will rapidly supersede the subjective method of making visual estimates 
or ionization. It is now necessary to determine the precise level of condens- 
ation by using calibration tracks of known mass and measurable momentum. 
It may prove to be necessary to calibrate each expansion which produces a 
track whose ionization is required. This can easily be done if there are electron 
tracks on the photograph. The Imperial College group, working at the Pic- 
du-Midi, are examining neighbouring photographs to discover if they can also 
be used for calibration purposes. 

Considerable care has to be taken over the photographic technique. The 
Imperial College group hase found that suitable drop images can be obtained 
of Ilford 59G1 film at a de-magnification of 1/8. Leitz Hektor lenses of focal 
length 2.8 em are used. At an aperture of f/11 the drop images are 12 p in 
diameter. An adequate depth of focus is obtained, particularly as the stereo- 
scopic pair of lenses are «staggered ». It is necessary to obtain drop images 
as small as 12 » in diameter otherwise the corrections for overlapping drop 
images become unduly large even for tracks close to the minimum ionization. 
The size of the drop images also govern the maximum number of drops per cm 
of track that can be counted and therefore the upper limit of ionization. 
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Experiments are now in progress to find the relationship between the drop- 
image size and the maximum ionization for different gas fillings in the chamber. 


5. — The Three Times 7,, 7, and 7.. 


ol. The Time of Expansion T,. — Since the curvature error due to 
diffusion varies as 7? (Equation (10)), it is desirable to reduce this time as. 
low as possible. This is largely a problem of mechanical and aerodynamic 
design. With conventional chambers working at about 1 to 1.5 atmospheres 
with magnetically released valves, values of 7’, of 10 to 20 ms are usual: the. 
larger chambers tend to have the longer time for obvious reasons. ANDERSON, 
using an ingenious system including a subsidiary piston, reports a value of 
4 ms for a rather small chamber, The use of higher pressure in order to reduce 
the inherent diffusion errors should also make it possible to reduce the time 
of expansion, provided the release problem can be solved. Possibly the in- 
genious spark explosion valve of MEYER and STODIEK (Rev. Sci. Inst. (1953)) 
might be of great use. It is certain that here is a field for mechanical and 
aerodynamical ingenuity. 


5°2. The Time to the Flash T,. — Since the distortion due to steady con- 
vection varies as 7, (and some other forms of gaseous distortion vary much 
faster, e.g. WILSON, p. 85), it is also desirable to reduce this time as far as 
possible. 7, is governed in practice by the time required for the drops to- 
grow to such a size as to scatter enough light into the camera lens to produce 
an adequately exposed image of the track in the photographic plate. Thus. 
T, depends on a large number of factors, including the intensity of the flash, 
the angle of photography, the resolving power and sensitivity of the emulsion, 
and the aperture of the lens and its magnification. This latter is governed 
by the required depth of focus (WILSON, pp. 60 ff... Typical values of 7, 
are 70 to 150 ms. Since the energy requirements for the flash are already 
becoming uncomfortably high (e.g. up to 4000 joules for a large chamber), 
the problem of finding a way of improving matters is urgent. Assuming that 
the emulsions manufactured are near the limit possible, there seems little that 
can be done when using a single camera to cover the whole depth of the 
chamber, except perhaps to make some improvement in the optical methods: 
of illuminating the chamber. It has become usual to employ long flash tubes 
with cylindrical lenses or mirrors or, alternatively, multiple spherical lenses. 
If the same amount of light could be obtained from a lamp of such smaller 
size as to enable parabolic mirrors of large aperture ratio to be used, a marked 
economy of light would be achieved. 

Several attempts have been made to take advantage of the high intensity 
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of light scattered by a drop at small angles, by illumination through a trans- 
parent piston, but the technical difficulties have so far prevented the wide- 
spread adoption of this method. 

The rate of growth of drops is larger in light gases, e.g. H, or He, which 
have high diffusion coefficients and conductivity (WILSON, p. 17), so allowing 
a reduction in 7,. However, the greater momentum error due to the in- 
creased diffusion of the ions more than cancels any gain by a shorter 7, ob- 
tained in this way. 


5°3. The Resetting Time T,. — As will be shown in Section 6, the yield of 
interesting photographs such as V-events is, in many cases, approximately 
proportional to the maximum rate of photography N, of which the chamber 
is capable. This maximum rate is that obtained when the counting rate of 
the selection system is so high that the average waiting time for a count is 
much less than the resetting time. Then V,=1/T,. To get a high yield 
of interesting events it is necessary to achieve a small value for Tx. 

Chambers differ very greatly in the time that must elapse from one ex- 
posure till the chamber is ready for another: resetting times from 1 to 10 mi- 
nutes have been reported. 

The resetting time covers two main operations, that of «cleaning » the 
chamber, which involves the removal of the nuclei left behind by the evapor- 

‘ation of the drops produced in the previous expansion, and a waiting time to 
allow the re-attaining of such a degree of vapour and temperature equilibrium 
in the gas that undistorted tracks are produced. 

As would be expected, the larger the chamber the longer the resetting time 
tends to be. Furthermore, the higher the accuracy of momentum measurement 
which is demanded, the smaller the convection currents that can be tolerated 
and so the longer the waiting time. 

In many chambers, several slow cleaning expansions are necessary to re- 
move the nuclei of old drops. The object of these cleaning expansions is to 
re-condense water on to the old nuclei and to let the drops fall to the bottom 
of the chamber by gravity. However, in so doing, the body of the gas is 
robbed of water vapour which has to be replaced by a combination of diffusion 
and convection before the next expansion. 

Other chambers « clean » without any cleaning expansion. These diffe- 
rences in behaviour are not fully understood, and further systematic studies 
of the cleaning of chambers are highly desirable. 

Recently GAERTINER and YEATER have developed, for a small chamber 
for use with a particle accelerating machine, a re-compression technique for 
removing the old nuclei which may be of great value in reducing the resetting 
time, particularly of large chambers. 

The method consists of re-compressing the gas, very soon after the ex- 
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pansion, to a pressure of about 20% above the initial pressure, thus warming 
the gas adiabatically and causing the drops to re-evaporate completely in situ. 
This has the advantage of leaving the liquid vapour where it is wanted, that 
is, in the gas; thus less waiting time is needed for re-attaining vapour uni- 
formity. A disadvantage of the method is that it appears to be necessary to 
dilute the argon usually used with about the same amount of helium. This 
has an adverse effect in the diffusion error, but a favourable effect in rate of 
growth of the drops. 

Some work has been done in Manchester by UTTLEY in applying this 
method to a cloud chamber 30x12 cm. It seems that a resetting time of 
45 s can be reached, but it has still to be proved how low the gaseous distort- 
ions are under these conditions. 

It is interesting to note that this striking innovation into the now forty- 
year-old cloud chamber technique was missed by all the experienced workers 
in this subject and was introduced by two new workers stimulated by a new 
demand —that of making a cloud chamber work as fast as possible to match 
the output of a pulsed accelerating machine. It is especially surprising that 
the method should have been missed, as the main idea behind it —that if one 
wants to get rid of a drop completely, one should heat the gas up by com- 
pression so as to re-evaporate the drop —is exceedingly obvious — when once 
stated ! 


6. — The Magnetic Field. 


As NEWTH has given a detailed discussion of many of the problems of the 
design of electro-magnets for use with large counter-controlled cloud chambers, 
I will confine my remarks to some general considerations. There are three 
main systems in use. 


6:1. The Plain Coil System without Iron. — Such a system can give, in 
principle, very high fields, but only with the expenditure of such large powers 
that the cooling problem becomes extremely serious and the cost of the electric 
power for a solenoid for a large chamber becomes prohibitive. Many years 
ago both Kunze and ANDERSON obtained fields of about 18000 gauss over 
fairly small randomly-expanded chambers, using some 500 KW. The current 
was pulsed for about 1 s to cover the expansion. Continuous operation would 
have been impossible. The highest continuous field at present obtained from 
a plain coil system appears to be about 2500 gauss over the very large volume 
of the École Polytechnique chamber at the Pic-du-Midi (Table I). The power 
used, is about 250 kW. 

The main advantage of a plain coil system over the iron-clad coil system 
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to be described below, lies in reducing to a minimum the amount of heavy 
material in the neighbourhood of the chamber. This may sometimes be of 
importance when it is desired to photograph only cosmic ray shower events 
arriving from specially placed absorbers, unencumbered by unwanted events. 
from a massive magnet. In addition, the absence of any iron leaves the 
chamber free from obstructions to the camera system. 


6:2. The Iron-Clad System. — NEWTH has shown that the addition of iron 
pole pieces and a relatively light yoke, with a total mass of iron about equal 
to the mass of the copper coil, reduces the power required to produce any 
field up to some 6000 gauss to less than one-tenth that required if no iron 
is used. Thus, except when for some special reason, as indicated above, it 
is essential to keep the total mass of material near the chamber to a minimum 
it is always advantageous to use iron-clad rather than plain coil. 

At a normal British rate for D.C. electric power of 0.8d per kWh, a 200 KW 
coil system run for say 2/3 of a year will consume some £ 4000. The power 
bill for an iron-clad coil system giving the same field (assumed not greater 
than almost 6000 gauss) would cost less than £ 400. 

NEWTH will give details of the iron-clad coil system used with the chamber 
at the Jungfraujoch. 


6:3. The Coned-Pole Magnet. — For fields considerably more than 6000 gauss, 
the efficiency of the simple iron-clad coil system with an iron-copper ratio of 
about unity begins to fall off, due to the setting in of magnetic saturation of 
the iron at the outer ends of the pole pieces due to magnetic «leakage » from 
the cylindrical surfaces of the pole pieces. To remedy this it is necessary to 
make the pole pieces with a conical shape, with the area of cross-section of 
their outer ends several times that of their inner ends, which latter is ne- 
cessarily about the same as the area of the chamber. The higher the field 
desired, the greater the angle of the cone. For fields greater than about 
20000 gauss, the cone angle becomes large, and for extremely high fields the 
magnet assumes the well-known Weiss form. Such large fields are only ob- 
tainable over too small volumes to be of use for counter-controlled cloud 
chamber work. 

It is possible, however, to obtain for instance a field of 13000 gauss or 
so by a magnet with a cone angle of some 25°, and a ratio of back to front 
area of the pole pieces of some three to one. The iron yoke connecting magne- 
tically the high faces of the pole pieces must have an area of iron section about 
equal to the back area of the pole pieces; thus the mass of iron relative to 
that of copper becomes about three times that for the iron-clad coil. 

The magnet now at the Pic-du-Midi, which was built for me in 1935 by 
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Metropolitan- Vickers of Manchester, is of this type. Full details of this magnet 
have been published. 

The iron-copper ratio is about 3:1, and the total mass about 11000 kilos. 
The pole face diameter is 25 cm, and with a gap of 15 cm a field of 13000 gauss 
could be obtained with 40 kW. The magnet was designed for the study of 
the meson flux at sea level, and since this flux is high, a shallow chamber not 
more than 5 cm deep accepting only rays within a narrow solid angle was 
adequate. However, the rarity of V-events even at mountain altitudes makes 
it necessary to use much deeper chambers, and so has led to the gap being 
now increased to some 25cm. Furthermore, the power has been kept to the 
low value of 15 kW to facilitate the magnet cooling problem and so to faci- 
litate the attaining of a high degree of temperature uniformity in the chamber, 
which is essential for accurate momentum measurement. Thus at present 
the magnet is not being used under its designed conditions and so is relatively 
inefficient. 


6:4. A Scaled-up Pic-du- Midi Magnet.— We can use dimensional arguments 
to give the performance of-a large magnet of the same shape as the Pic-du-Midi 
magnet by noting that if the size of the magnet is increased in the ratio l 
and so the mass increase as /, then the power for the same field increases by 1. 
Assume the Pic-du-Midi magnet to have a mass of 11 tons, a pole diameter 
of 25 cm, a gap of 15 cm, and a field of 13000 gauss for a power consumption 
of 40 kW. 

If we scale up by a factor 3, for instance, we obtain a magnet weighing 
300 tons, with a pole diameter of 75 cm, a gap of 45 cm, and a field of 
13 000 gauss for a power of 120 kW. The cost of such a magnet might be about 
£ 60000 and its power cost about £ 4000 per year. 

Whether such a magnet is worth building for further V-particle work with 
cosmic rays depends on one’s estimate of the scientific results which it might 
be expected to yield, in comparison with what may be expected within a few 
years from the big accelerating machines. The latter, which may reach 
30 GeV within five years or so, will certainly need to be used with cloud 
chambers in a strong magnetic field; but since a pulsed field, rather than a 
continuously maintained field is sufficient, an air cooled coil system is in- 
dicated. 

If it is found that types of V-event exist which are only produced by cosmic 
rays of energy greater than that attainable with accelerating machines, then 
a large coned-pole magnet would be valuable. If, however, all V-events and 
similar processes can be produced by particles below, say, 30 GeV, then the 
accelerating machine with pulsed magnetic field is likely to give most of the 
desired results. 

Even if no new particles are produced at energies above the expected 
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30 GeV of the big machine, the investigation of the dynamics of collisions of 
particles of greater energy will remain for long the province of the cosmic ray. 
investigator, and so of the photographic emulsion and cloud chamber. 


7. The field of V-events. 


Table I gives some details of the size and performance of most of the major 
cloud chamber equipment in use at the present time for the study of V-events. 
It is interesting to note that, in general, the yield of V-events from the various 
chambers does not increase nearly as fast with their size or height of oper- 
ation as one would at first sight expect. For instance, the Manchester Jung- 
fraujoch chamber, with a volume of 45 litres operating at 3700 m, gives about 
20 V-events a week, whereas the Manchester Pic-du-Midi chamber, of 3.5 litres 
volume operating at 2600 m, gives about 10 V-events a week. Then again, 
the double chamber at Pasadena, of about 100 litres volume, operating at 
sea level where the nuclear flux is about one-twentieth of that at the Jung- 
fraujoch, gives some 10 V-events a week. These results can easily be under- 
stood from considerations relating to the counting rate of the selection system 
and the recovery time of the chamber. 


71. The Rate of Photography. — If N, is the counting rate, N, the photo 
rate and N, = 1/7, is the chamber rate, where 7, is the resetting time, then 
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The efficiency £ of the system, that is, the fraction of the time the chamber 
is ready for an event, is given by 


Nes; 
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As the counting rate N, is increased, the photo rate N, rises, at first linearly, 
and then slowly approaches the limiting chamber rate N,. It is usual to 
work with an efficiency of 50% to 70%, that is, with N,=45Nx to Na. 
Consider the Pic-du-Midi chamber for which 7, = 2 min, so NV, = 30 per 
hour. For N,=8 per hour (say), N,=11 per hour. Then 8x24 x 190 
photos are taken per day, of which it is found that about 1/3, i.e. about 60, 
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show penetrating showers and about 1 in 30 penetrating showers give V-events, 
that is, about 2.0 per day of operating time. Of these about 20% are charged 
V’s and 80% neutrals. Allowing for time out of action for servicing etc., we get 
a yield of about 1.5 V-events a day, or in round figures 10 per week. From 
these figures we will estimate the yield of V-events which should be obtained 
in the Jungfraujoch chamber is we could use it to the same efficiency as the 
Pic-du-Midi chamber. 

Consider 5 identical chambers of the Pic-du-Midi type, each with its own 
Selection system, The total area of the 5 chambers will equal the area of the 
Jungfraujoch chamber and the rate of V-events will be 51.5 = 7.5 per day. 
If these chambers were taken to the greater height of the Jungfraujoch, where 
the nuclear flux is about 60% higher, we would expect 1.6 x 7.5 = 12 V-events 
per day, of which some 2.5 would be charged V’s and 9.5 would be neu- 
trals. 

To estimate the expected number of V-events in the actual Jungfraujoch 
chamber we must allow for the fact that the vertical height of the chamber 
is 2.5 times as great. Since the mean decay length of the charged V’s is 
greater than the height of the chamber, the number of these events will be 
increased from 2.5 to about 2.5 x 2:5 = 6.3 per day. On the other hand, the 
number of neutrals will increase by a smaller factor since their mean decay 
length is less than the height of the chamber: let us suppose then that it 
increase by 50%, that is, from 9.5 to 14 a day. We have, therefore, a cal- 
culated yield of V-events in the Jungfraujoch chamber of 14 neutrals and 
6 charged, or 20 V-events per day, that is, about 13 times as great as in the 
Pic-du-Midi chamber. 

The actual number observed in the Jungfraujoch chamber with is single 
selection system is about 3.0 per day, that is, about one-seventh of our cal- 
culated value. 

The two main reasons for this discrepancy seem to be as follows: first, 
it has not yet been found possible to design a selection system for a large 
cloud chamber which will record as high a fraction of the large V-event flux 
through this chamber as is possible with the smaller flux through a smaller 
chamber; secondly, even if it were possible to so design a selection system, 
the Jungfraujoch chamber, with its resetting time of 4 minutes (VY, = 15 
per hour), could not make efficient use of the selection system. For, from our 
argument above, one would need to increase the counting rate in the ratio 
of the areas of the chambers that is, to N, = 5x11 = 55 per hour. How- 
ever, from (29) and (30) it is seen that the photo rate of a chamber with 
Va lt 55 per hour is 12 per hour which is only 100% higher than the rate of 
6 per hour for N,=11 per hour. 

The Jungfraujoch chamber would only be working at an efficiency of 22% 
compared with the 73% of the Pic-du-Midi chamber working at N, =11 
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and N,= 30. Thus the efficiency of the Jungfraujoch chamber used in this 
way would be only 1/3 of that of the Pic-du-Midi chamber, 

In practice it seems that both large and small chambers are usually used 
at a photo rate of between 5 and 8 per hour, so around 150 per day. As already 
mentioned these selection systems seem generally to give about 1 penetrating 
shower to 3 photos, and 1 V-event is usually found in every 30 or so penetrating 
showers. Hence, the rate of V-events is about (1/3) x(1/30) x150= 1.6 per day. 
It will be noticed that this calculation does not take into account the size of 
the chamber, nor the height above sea level at which it operates! It is clear 
from the foregoing arguments that, as at present used, a large chamber cannot 
make use of the large V-event flux found at high altitudes and could there- 
fore nearly be equally well used at much lower altitudes. 

Large chambers are, of course, far more useful than small ones because 
of the greater length of the tracks. But at present they do not give a pro- 
‘portionately greater yield of V-events. For them to do so it would be ne- 
cessary to reduce the resetting time and so increase N, substantially. A pos- 
.sible way of achieving this may be the over-compression technique introduced 
by GAERTTNER and YEATER (Rev. Sci. Instr. (1949)). Experiments are in 
progress at Manchester and Imperial College, London, to see if this can be 
applied usefully to cloud chambers used for V-events. 


7:2. Selection Systems and the Flux of High Energy Nucleons. — Most se- 
lection systems in use appear to require a penetrating shower produced by 
an incident nucleon (or nucleons) of energy greater than about 10 GeV to ope- 
rate them. We will calculate roughly the flux of such particles passing through 
the Pic-du-Midi chamber. Taking the flux of protons of momentum greater 
than 1 GeV/c at the Pic-du-Midi (2800 m) as about 5-10-* cm? s-! sterad- 
(see ROCHESTER and ROSSER, 1952, p. 276), and the area of the chamber as 
200 cm? and the solid angle of acceptance as 0.5 sterad, we have a flux of 
about 4000 such protons per day. Now the number of protons of momentum 
greater than 10 GeV/c is about 1/50 of the number greater than 1 GeV/c, 
giving about 80 protons of momentum greater than 10 GeV per day. If the 
chamber works at about 75% efficiency, we have effectively about 60 such 
protons per day. This is just about the number of penetrating showers observed 
in the Pic-du-Midi chamber. Allowing for an equal neutron flux and for the 
fact that only about 1/2 the incident rays will interact in the absorber, we 
can say that the number of penetrating showers photographed agrees roughly 
with the number expected, assuming that rays of momentum less than 10 GeV/c 
will not very often set off the selection system. 

Now, we know from cosmic ray photographs that some V-particles can 
be produced by incident nucleons (or mesons) of momentum of only a few 
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GeV/c, and lately it has been shown at Brookhaven that x-mesons of 1-5 GeV 
can produce both A°- and 6°-particles. 

The present selection systems are mostly unsuitable for detecting such low 
energy processes, and in fact only do so when the V-event happens to be 
accompanied by some other particles in the right place to actuate the necessary 
counters. Thus, it can be expected that the present selection systems, while 
relatively efficient (let us assume nearly 100%) for incident rays of over 
10 GeV/c are rather inefficient for rays between 1 and 10 GeV/c. As a guess 
we might assume that a nucleon or pion between 1 and 10 GeV/c produces 
on the average 1/20 as many V-events as a nucleon of over 10 GeV. Since 
there are some 50 times as many of the former, we may expect perhaps 
2.5 times as many V-events to be produced by the low energy group as by the 
high energy group. Since only a small fraction, say 1/10, of the former will 
be observed owing to the nature of the selection system, it follows that only 
perhaps 35% of all V-events at the most are recorded in the Pic-du-Midi 
chamber. Since it has been shown that the actual number of V-events in the 
Jungfraujoch chamber must be about 13 times that in the Pic-du-Midi chamber, 
the fraction of V-events actually occurring in the Jungfraujoch chamber which 
are photographed at present is not likely to be higher than about 3%. 

These rough figures serve to indicate the gain that would accrue if a se- 
lection system could be devised which would record a greater fraction of the 
lower energy events and if the resetting time of a large chamber could be 
reduced to take advantage of the necessary increased counting rate. 

The essential difficulty of devising such a selection system is, of course, 
that any loosening of the rigour of a conventional system in order to make 
it respond to penetrating showers of low energy almost inevitably makes it 
responsive to such unwanted processes as u-meson knock-ons, etc. The 
counting rate N, is apt to rise so markedly that it lowers the efficiency F,, 
given by (30), so much as to reduce rather than increase the total number 
of V-events photographed. No really effective way of overcoming this dilemma 
seems yet to have been devised. 


7:3. Simplified Theory of Variation of Yield with Size of Chamber and 
Height of Operation. — On the basis of the above arguments we can construct 
the following greatly simplified theory of the variation of yield of penetrating 
showers with size of chambers and with altitude of operation. Consider a 
number of chambers of roughly the same shape but of different areas of 
cross-section A cm, operated at various heights above sea level specified by 
the difference of absorption mass Z g cm? from sea level. We will suppose 
that the selection system selects only penetrating showers of over a certain 
average energy, and that while the solid angle of the selection system is the 
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same for all chambers, the area of collection is proportional to the are. of the 
top of the chamber. 

With this assumption the counting rate N, of the system at a height Z 
above sea level is given in terms of the sea level counting rate N° by the 
expression 


where Z, is the absorption length of the particles producing penetrating showers 
and which has a value of about 120 gem-?. Values of exp[Z/Z;] are given 


in Table IV for various heights. 


ABE IV: 


Altitude (km) Z(gem?) | exp [Z/Z] 
| 
| | 
0 0 | 1.00 
2 205 | 5.56 
4 | 395 | 26.90 
6 ' 545 93.30 
8 665 | 209.00 
10 740 | 480.00 
a aes 
| .Pie-du-Midi 2.87 292 | 11.4 
i Jungfraujoch 3.46 | 348 18.3 
| Assumed variation of rate of penetrating showers with altitude. 
Values of Z taken from Rossi, Rev. Mod. Phys., 20, 575, (1948). 
| Zo = 120 gem: 2. 


If we insert this expression for N, into (29), we get the following expression 
for the variation of counting rate with height. 


“p= Na 


(32) È % Ni 
Dec Me exp [- Zt) 


Consider the small Manchester chamber at the Pic-du-Midi (area 200 cm?) 
with its selection system for penetrating showers giving a counting rate 
N.,= 11 per hour. With N,= 30 per hour, we have the photo rate N,=8. 

The same chamber and selection system at sea level will have a counting 
rate of 11/11.4 x 1.0 per hour (see Table IV), since we have assumed it. 
selects only penetrating showers. Thus for the chamber at sea level we have 
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N; = 1.0 per hour. With this value of N° and, as before N, = = 30 per eee 
the photo rate N, is shown in the dotted curve 1A, Fig. 3. 

Consider now a very large chamber, such as that of the École Polytechnique, 
with an area of 2000 cm?. Suppose it is placed at sea level and used with 
a selection system similar in geometry to that used in the small Manchester 
chamber, but with a collecting area ten times larger. Then the sea level 
counting rate will be ten times larger, that is, N° — 10 per hour (*). Assum- 
ing again N,=30 per hour, we obtain for photo rate as a function of alti- 
tude the full curve 1B Fig. 3 Curves 24 and 2B and 3A and 3B give the 
photo rate for the two chambers with N, = 15 per hour and N,= 10 per 
hour corresponding to a 4-minute and 6-minute resetting time respectively. 

From these curves we see that the ratio of the photo rate of large and 
small chambers, which are assumed to have counting rates at sea level in the ratio 
of their areas, approach unity at great heights when both rates approach the 
maximum possible rate N,=1/T,. 


Fig. 3. — Photo rate as function of altitude for a large chamber (A= 2000 em?) full 
curves, and a small chamber (A= 200 em?) dotted curves. 


(*) This assumes that the majority of penetrating showers are produced in the 
absorber over the chamber by effectively single particles, so that the number of pene- 
trating showers observed will increase proportionately to the horizontal area of the 
chamber. 
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We can express these results formally by writing N° = KA, where Ke 


is a constant. Thus (32) becomes 


Ne Na 3 


ane N 
Tee Fa OP [Z/Ze] 


(33) 


giving the variation of photo rate of penetrating showers with area of chamber 
and altitude of operation. For the small Manchester chamber at sea level, 
N° =1.0 h-*, and A=200 cm?. Thus K=(1/200) cm? h-!. 


Actually it is not usual to operate with N, longer than or even as large 


as N,. Thus, adopting N, = N, as the criterion for the maximum useful 
altitude of operation (for this case E = 50% from (30)), we find for the 
maximum useful height Z,, in gcm-* the expression 


N 
(34) Zia = Zo log, (7%) , 
which can also be written 
N 
(35) Lin = Zo log, (75) . 


Values of Z, and of the corresponding heights H,, in km are given in Table V, 
and are also shown by circles on the curves of Fig. 3. 
These highly simplified considerations may be of use in the siting of 


TABLE V. 
aS 
ae A 200 em? 2000 em? 
UNI LO 10 h- 
ME IVA PS 
2 min 30/h 4.0 1.3 
4 min 15 3.1 0.5 
6 min 10 Det 0 
| Optimum height in km: Equation (35). 


existing chambers or in the design of chambers for a given altitude. The 
important, even though now rather obvious, conclusion is that the larger the 
chamber and the longer the resetting time, the less advantage there is to be 
gained by use at high altitudes. One sees from Table V that the «optimum » 
height of operating a chamber of 2000 cm? area and a resetting time of 6 mi- 
nutes is about at sea level. 
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The above discussion refers explicitly to the numbers of photographs of 
penetrating showers. The flux of V-particles through the chamber will be 
roughly proportional to the number of penetrating showers. But the fraction 
of the V-particles which decay in the chamber will depend on the height of 
the chamber and so be relatively larger for the larger chamber (see section 72). 
Thus the increase of observed V-events with size of chamber will be some- 
what faster than that of the penetrating showers. 


I wish to express my gratitude to Dr. C. C. BurLER and to Dr. K. H. 
BARKER for help and criticism in the writing up of these lectures. 
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The Estimation of Lifetimes 
from Cloud Chamber Measurements. 


J. A. NEWTH 
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This paper discusses the methods available for determining the mean life- 
times of the various unstable particles (A°, 6°, K*, t*) whose decays are ob- 
served in cloud chambers. The results that have been obtained up to now 
are summarised. 

Knowledge of the lifetimes of these particles is important for several reasons. 
First, the lifetime is a fundamental parameter which may be used to test 
theoretical prediction. Second, it has been pointed out by BLACKETT (1953) 
that the lifetimes of charged K-mesons and t-mesons may provide valuable 
evidence for deciding whether these are one type of particle with competing 


modes of decay or separate species of particle. Third, it is only possible to 


calculate the number of unstable particles produced in an experiment from 
the number of decays observed if the lifetime is known; in both the design 
and interpretation of experiments this type of consideration arises repeatedly. 


1. — The Distribution of Decay Points. 


If a number of unstable particles of the same type are observed to decay 
in a cloud chamber it is possible to estimate the mean lifetime of the particles 
from the distribution of the decay points in the cloud chamber. The chief 
limitation to this method arises from the restricted time scale that is set by 
the size of the cloud chamber and the speed of the particles. The time taken 
by a particle of mass M with momentum P to travel a distance / is given by 
t=l-M/P where t is the proper time measured in the rest system of the 
particle. The Table I shows what times of flight can be observed in cloud 
chambers of conventional size for fast and slow particles. 

Particles with a mean lifetime much greater than 10-? s will have their 
decay points approximately evenly distributed through the cloud chamber 
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TaBLE I. — Times of Flight Observable in a Cloud Chamber. 


| Distance | Proper Time 
Ratio P/Me for Particle | Travelled | of Flight 
| (em) | (8) 
È | | = NE 
| 
3.0 (Average Shower Particle) tt O, | 10 | PLO ase 
| 50 | 5.5 10-10 
0.5 (Slow, Heavily-Ionizing Particle)... . | 10 | 6.6- 10710 
| 50 | 3.3-10-9 


and an extremely large number of decays would have to be observed before 
a finite upper limit could be set to the mean lifetime. However, for the neutral 
V-particles (which have mean lifetimes less than 5-10-! s) a markedly non- 
uniform distribution of decays is observed and the mean lifetimes can be found 
from the distribution. 

If particles could spend an infinite time in the chamber their times of 
flight befored ecay would be exponentially distributed and the mean lifetime 
could be found directly by averaging the times of flight observed (*). The 
probability of observing a decay between times # and # + dt would then be 
exp [— t/t]:t~'dt where 7 is the mean lifetime of the particles. In fact, such 
an exponential distribution of the times t is not obtained because of the bias 
against long values of t imposed by the size of the chamber. One can allow 
for this bias by determining for each event not only the time (t) spent in the 
chamber before decay but also the maximum value (7) that could have been 
observed for that event. The probability of observing an event in time dt 
is then 
exp [— t/t] dé 


UTI SE: 


the denominator normalises the expressions so as to give unit probability of 
observing the event in the time 7. 
From » pairs of times (t;, 7,) the best value of 7 can be found as that which 


makes the product [[ P; a maximum. This «maximum likelihood » proce- 
i=1 
dure for estimating t has been used by many workers to find the lifetimes 
of the neutral V-particles. 
It is evident that the information about t obtained from the i-th event 
depends upon the ratio 7,/t. The importance of this can be demonstrated 


(*) The random nature of radioactive decay makes the history of the particles 
before entering the chamber irrelevant. 


omen 
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by assuming, for simplicity, a group of particles all of which have the same 
value of 7. Then the number of observations necessary to determine t with, 
say, 10% accuracy can be found as a function of T/t. For 7 infinite (cor- 
responding to no restriction on the time of observation) the number is clearly 
100. For 7=37 the number is 200, for 7=7 it has already risen to 2000 
while for T=0.17 it is — 10%. Reference to the table shows that only slow, 
heavily-ionizing, particles can have values of 7 greater than 10-° s and can 
therefore be valuable for determining lifetimes longer than 107° s. 
The statistical error in the value of t estimated in the above way is not 
symmetrical in 7. A lower limit to t can nearly always be set but, with a 
small number of observations, it is frequently impossible to give a finite upper 
limit. BARTLETT (19534) has considered this problem in great detail and has 
shown that the statistical error in the decay constant (1/7) is approximately 
symmetrical. He describes an interpolation procedure for finding both the 
best value and the standard error in 1/7. 

BARTLETT (1953 b) has also considered the more complex treatment of data 
obtained from multiplate cloud chambers where the time for which a particle 
can be observed is «stratified » by the presence of the plates. He has extended 
his estimation equations to deal with data of this type. 

No discussion of the statistical treatment of the data will be given here. 
In the following section the method of obtaining the values of the times # 
and 7 free from bias will be discussed. 


2. — Time Measurements. 


In determining the times ¢ and 7 the quantities involved are the corres- 
ponding lengths (J, L) measured in the cloud chamber and the ratio of mo- 
mentum to mass (P/M) for the primary particle. The corrections necessary 
to obtain unbiased values of / and L are discussed in (a) below while methods 
of estimating the momenta of charged and neutral V-particles are considered 
in (b) and (ce). 


(a) The Values of | and L. — It has been pointed out by WILSON and 
BUTLER (1952) that the lengths / and L must be adjusted to avoid bias in the 
selection of data. NEWTH (1954) has discussed how this adjustment should 
be made. It is necessary to ensure that both lengths include only points on 
the primary trajectory where the decay would have been seen and included 
in the analysis. Since seeing a decay is not synonymous with identifying it, 
objective criteria must be laid down for including events in the analysis; the 
lengths / and L should embrace only points where the decay would have satis- 
fied these criteria. If this is done strictly no bias can enter into the values 
of 1 and L. 
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(6) Momenta of Neutral V-Particles. - The great majority of the neutral 
V-decays can be accounted for by one or other of the decay schemes 


(1) A°>P+ +-+ 37 MeV, 
and 
(2) 00 > xt +-+ 210 MeV. 


If, for such a decay into two secondary particles, the momenta (p,, p_) 
of the secondaries and the angle (g) between their tracks can be measured, 
the primary momentum (P) can be found directly. This is also so if only one 
momentum can be measured but the line of flight of the neutral primary is 
also known; if y, and g_ are the angles between the secondary tracks and the 
primary trajectory. the relation p, sin g+ = p- sin Q- enables the second mo- 
mentum to be calculated. 

In the absence of such complete measurements of the decay it may be 
possible to estimate P from either p, or p_ and the angle gy. For each decay 
scheme there will be two allowed values of the unmeasured secondary mo- 
mentum; one of these may be incompatible with the estimated ionization 
density of the track. 

In the decay of fast A°-particles the proton momentum alone provides a: 
good estimate of P. For P > 10° eV/c the value of p, is always greater than 
0.75: P and, on the average, is equal to 0.85-P. -The values of p_ and @ alone 
are generally of little help in finding P for a A°-particle. 

For 0°-particles of high momentum there is a close statistical correlation 
between the momentum P and the angle gy. This has been shown by BUTLER 
(1952) in a discussion of the dynamics of the 0°-decay scheme. For a primary 
momentum above about 7:108 eV/c the great majority of 0°-decays will have 
opening angles given by 


(3) tg 


~ PR*? 


where p* and E* are the momentum and total energy of either 7-meson in 
the centre of mass frame of reference. Conversely, if the momentum spectrum 
of the decaying particles is approximate flat, the best estimate of P is obtained 
from (3). Inserting the values of M, p* and E* appropriate to the decay 
scheme (2) we have 

P ~ 400 cot g/2 MeV/c. 


(c) Momenta of Charged V-Particles. — If the primary momentum cannot 
be measured directly it may be possible to set limits to its value by assuming 
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some features of the decay scheme and using the angle (9) between the pri- 
mary and secondary tracks or the secondary momentum . 

If M and m are the masses of the primary and charged secondary part- 
icles, P, the mementum of the primary and p* the momentum of the se- 
condary in the centre of mass system, the inequality 


Mp* 
We, 


(4) sin p < 


must hold (BLATON, 1950). Since p* is uniquely defined for a two-body decay 
and has a definite upper limit for a three-body decay (4) may sometimes be 
used to set a valuable upper limit to P,. 

Unfortunately, for a given value of P, all values of g up to the limit set 
by (4) arise with roughly equal probability. This means that a knowledge of g 
alone gives no guidance as to the «best value » of P, to assume. 

If, in addition to y, the secondary momentum (P,) is known it is possible 
to set upper and lower limits to P,. Moreover, there is a reasonably close © 
correlation between the value of the quantity P,cosg and P,: This cor- 
relation enables a value of P, to be estimated as 


(5) Ware Sant hoe 


where H* is the total energy of the charged secondary in the centre of mass 
system. This relation has been discussed and used by BUCHANAN et al. (1954). 

For the decay of a meson of mass 1000 m, into a light (x or u) meson 
with p* — 200 MeV/c the expressions (4) and (5) reduce to 


(6) P,<1000-cosecp MeV/c, 
and 
(7) P, ~ 2.2°P, cosy . 


3. — Mixtures of Particles. 


In making a lifetime estimate there is a premium on including a large 
number of events to reduce the statistical error in the result. For this reason, 
events whose identification is incomplete may be included in the analysis. 
Thus, for example, the mean lifetime of neutral V-particles that are not A°-part- 
icles has been estimated on the provisional assumption that all such particles 
are 0°-mesons. There is some evidence to show that this assumption is unsound 
although the dilution produced by a third type of V-particle is thought to 
be small. Similarly, the charged V-particles may include some charged hype- 
rons in addition to the K-mesons and the K-mesons themselves may be of 
more than one kind; there is evidence for both z- and u-mesons among their 
decay products. 
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BARTLETT (1953 a) has discussed the possibility of distinguishing more 
than one lifetime from a collection of times of flight. His analysis shows that 
a purely statistical separation is extremely difficult. The present. data from 
cloud chamber experiments could hardly be expected to show convincing 
evidence for a mixture of particles with different lifetimes. 

Another approach has been attempted by BUCHANAN et al. who have ana- 
lysed measurements on 43 charged V-particles. They grouped their particles in a 
number of different ways (according to sign, momentum, and other physical 
differences) and estimated the mean lifetime of the particles in each group. 
ALFORD and LEIGHTON (1953) have also made such classifications of their 
events in an attempt to distinguish discrete lifetimes. . 


4. — Results Obtained from Analysing Decays in Flight. 


(a) The A°-Particles. — A full discussion of the results available from 
several different experiments on A°-particles has been given by PAGE and 
NEWTH (1954). Combining the data from 127 A°-decays they conclude that 
the mean lifetime is between 3.0 and 4.5-10-" s. 


(b) The 0°-Particles. — The estimates of the mean lifetime of the 0°-part- 
icles that have been made have depended on the assumption that most, or 
all, of the neutral V-particles that are not A°-particles are 0°-particles. All 
the published values agree in finding a shorter mean lifetime for the 0°-part- 
icles than for the A°-particles; the most probable value lies between 1 and 
2.0-10-!° s. (See contributions by ASTBURY, BRIDGE and DEUTSCHMANN at 
the Bagnères Congress on Cosmic Radiation, 1953). 

(c) The t-Mesons. - So few t-mesons have been observed to decay in 
flight in cloud chambers that little can be said concerning their mean lifetime. 
There is certainly no evidence that conflicts with the conclusion of HERZ 
et al. (1953) that the mean lifetime is greater than 10-° s. 

(d) The Charged V-Particles. - The lifetimes of the charged V-particles 
have been considered by ALFORD and LEIGHTON (1953), NEWTH (1954), and by 
BUCHANAN et al. (1954). There is general agreement that most of the particles 
have a lifetime greater than 10-°s. ALFORD and LEIGHTON find, in addition, 
some evidence for a group of particles with a considerably shorter lifetime 
(~ 10-10 s). BUCHANAN et al. have measured a comparable number of events 
but find no corroborative evidence for a short-lived component of the charged 
V-particles. 


5. — S-Particles and Non-Decaying Particles. 


Estimates of the mean lifetime of charged heavy mesons have been made 


by BRIDGE et al. (1953) and by ASTBURY et al. (1953). 
BRIDGE et al. assumed that the S-particles observed to decay at rest in 
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their multiplate cloud chamber were of the same type as the charged V-part- 
icles that decay in flight. Comparing the number of S-particles with the 
number of.slow V-particles that would have come to rest in the chamber had 
they not decayed, they concluded, that the mean lifetime of the particles was 
between 10-° s and 2-10-8 s. 

ASTBURY et al. identified a number of slow, negative, heavy mesons that 
traversed their cloud chamber without decaying. By comparing this number 
with the number of slow charged V-particles they concluded that the mean 
lifetime of the particles was greater than 4-1079 s. 

Both these methods are valuable since they extend the time scale of cloud 
chamber measurements. However, both methods depend upon observing the 
rather rare slow particles and both involve uncertainties that do not arise 
when using the distribution of decays to determine the mean lifetime. Im 
the multiplate experiment it is not possible to classify the V-particles that 
would have been S-particles if they had not decayed in flight with complete 
certainty. In the experiment of ASTBURY et al. use is made of particles whose 
decay is not observed and there is no guarantee that their mode of decay is 
the same as that of the charged V-particles. 

In spite of these uncertainties, it seems probable that the mean lifetime 
of at least a large proportion of the charged V-particles is as long as 4-107° s. 
If this is so, direct timing techniques (for example, HYAMS, 1953) should prove 
the most valuable method of determining their lifetime. 
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SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 2, 1954 


Comments on the Design and Operation 
of Magnet Cloud Chambers. 


J. A. NEWTH 
The Physical Laboratories of the University - Manchester 


Some problems involved in the design and operation of magnet cloud 
chambers are discussed in this paper. The discussion is illustrated by refe- 
rence to the large cloud chamber and electromagnet designed in Manchester 
in 1947-48 and now installed at the Jungfraujoch in Switzerland. 


1. — Magnet Design. 


It is not possible to give rules of universal validity for the design of a so- 
lenoid or electromagnet for use with a cloud chamber. Individual require- 
ments may vary widely and the final choice of magnet design is as likely to 
be determined by economic considerations as by any other. However, it is 
not difficult to tabulate the various combinations of copper, iron and electric 
power that will produce a given magnetic field over a given volume. From 
such a table, using the simple scale equations, approximate design parameters 
can be derived for a magnet to meet other requirements. 

If the linear dimensions (Z) of a magnet are scaled uniformly and the field 
is kept constant the mass (M) and the power (P) needed to provide the field 
are related to L by 


(1) M x L* (H constant), 


(2) P ol (H constant). 


In addition, for a solenoid (or a magnet where the effects of saturation of the 
iron are negligible) the field strength and the power are related by 


(3) H x P} (M constant). 
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Using these relations the performance of any iron-free solenoid can be 
completely predicted from the known performance of one of similar shape. 
In section (a) below the results of calculations to design coils to give a 
field of 5000 gauss over the volume of a large cloud chamber are given. The 
effect of adding iron to the coils was experimentally investigated and the 
results are given in (b). In (c) are tabulated the parameters of various 
designs that could be used to 


produce the required field. 
Li = : ii (a) Iron-Free Solenoid De- 


Cloud chamber sign. — The relation between the 
magnetic field produced by a pair 
of coils, their mass and their po- 
wer consumption is most easily 
found by numerical calculation. 
This has been done for the coils 
whose geometry is shown in Fig. 1; 


the coils are designed to acco- 


Fig. 1. — Diagram showing the geometry of 
the coils for which the calculation was made. 
‘ The inner boundaries of the winding were 


fixed and the coil mass was increased by modate a cloud chamber 60 cm 
moving the outer boundaries while keeping square and 20 cm deep and to 
the cross-section square. leave space for the necessary 


auxiliary apparatus. 

In making the calculation the density and electrical conductivity of the 
winding are assumed to be 70% of those for pure copper. This allows 30% 
of the volume for insulation and for water or air cooling of the winding. 

The current density in the winding has been assumed constant and the 
cross-section of each coil has been assumed square. These assumptions do 
not correspond to the most efficient distributions of either power or mass but 
the maximum possible gain in efficiency from using a non-uniform current 
distribution is less than 5% and the gain from altering the coil section is even 
less (< 1%). These figures only apply, of course, to the geometry considered 
here; BITTER (1936) has shown how a very valuable non-uniform current 
distribution can be obtained when the restrictions on geometry are different. 

The results of numerical calculation are shown in Fig. 2 (a and b) where 
the relations between H, P and M are plotted in different ways. The figure 
does not show the maximum in the curve of H against M (this occurs for 
M ~ 20 tons) but it is clear that not much advantage is gained by increasing 
M above ca. 6 tons. 

The use of aluminium as conductor material has the advantage of reducing 
the coil mass — at the expense of increased power consumption. If aluminium 
is used, the mass values given in Fig. 2 are reduced by a factor of 3.25 and 
the powers are increased by a factor of 1.65. 


ad 
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The various combinations of M and P that could be used to produce a — 


field of any required size can be found from Fig. 2 using, if necessary, the 
relations (1), (2), (3). 


(0) 
Oi 28 34. a 56 74 BS 9 FIG 
a) b) 


Fig. 2. — The relation between power, mass and field for the coils whose geometry is. 


shown in Fig. 1. a) shows the magnetic field as a function of the coil mass for a given 
power and b) shows the relation between mass and power for a given field. The 
assumptions made in the calculation are described in the text. 


(b) The Effect of Iron. — A scale model provides the best method of 


finding the effect of adding iron to a solenoid. The size of the model is limited 
by (1) and (2) which show that, for a given field, the power dissipated in unit 


volume of the winding varies as Z-?. Thus it is not practicable to construct. 


a small model that can be ope- 


rated continuously; the best that Ai 
can be done is to ensure that 
the model does not overheat dan- fe 


make a few field measurements n 4 One Z 

(~ 10 8). Gialli baz 
A one tenth scale model of |_| i 

the coils shown in Fig. 1 was 

made (the size corresponded to 

8 tons of copper) and the field Fig. 3. — Sections of the iron circuit used 


was measured using different ty- with the model coils. The hollow pole piece 
was designed to allow the chamber to be 
photographed with wide-angle lenses. 


gerously in the time necessary to Ya Z 


' 
AI Section A-A 


pes of iron circuit. Fig. 3 shows 
the form of iron circuit that was 


finally adopted. 
With this iron circuit an increase of field by a factor of between 3 and 4 


was obtained up to total fields of ca. 6000 gauss when the «hollow pole » 
began to saturate. This corresponds to a reduction in power for a given field 
by a factor of about 12. 
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The model was also used to test the uniformity of the field. In the absence 
of iron the field distribution had a flat minimum at the centre of the system 
and was constant to within + 7% over the whole of the volume of the pro- 
posed chamber (Fig. 1). The iron circuit reduced the overall variation of 
i the field to + 3%. A plot of the mea- 
sured variation from point to point is 
shown in Fig. 4. 


I era 


ow 


(c) Final Design Parameters. — 
From the coil calculations and the mo- 
del experiments it is possible to draw 


E up a table of possible magnet designs 

Fig. 4. — The uniformity of the field in A oe : 
in terms of the power consumption, 

the model magnet. The cyrves show SE : : 
the variation of the field from the cen- mass of winding, and mass of iron used. 
tre of the magnet outwards across the Table I shows a set of such designs 
pole face. The mean field was 5000 for a field of 5000 gauss. The design 
Boe. adopted for the Jungfraujoch magnet 
uses a winding of 6 tons of copper and 
an iron yoke weighing 8 tons. It was expected to give a field of 5000 gauss 

‘with a power dissipation of 21 kW. 


Variation (%) 


Pole face 


TABLE I. — Design Parameters for Solenoid or Magnet. 
Sra Mass Power 
Masera indie of Iron Yoke | for 5000 gauss 
(Opa) (tons) (kW) 
I (COPPer) tance = hoe 0 360 
Gem (Copper) ee eet en 0 290 
10 (Copper) 0 | 250 
eee CAT) E 0 | 550 | 
2 (Aluminium) > 3) =2.8: 0 | 450 | 
3. (Aluminium) 0 410 | 
3 (Copper) e TA TS | 28 
6 A( Copper) aac ccs ooh = cee 8 21 
10 (Copper) 9 18 
These figures show the possible ways of producing a field of 5000 
gauss over a cloud chamber measuring 60 cm x60 ecm x20 cm. They 
are based on the assumptions about coil geometry and winding ef- 
ficiency described in the text. 


The performance of the finished magnet is shown in Fig. 5. The agreement 
with prediction is reasonably good. In spite of the «open» magnetic circuit 
and the large air gap the field obtained is not very much less than that cal- 
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culated for an ideal magnetic circuit where the reluctance of the iron is zero 
and « fringing » is neglected. 


20 25 30 


4 


Field (kilogauss) 


Fig. 5. — The performance of the finished magnet. 
Curve B shows the mean field plotted as a function 
of coil current and power dissipation. Curve A is 
the field that would be obtained if the magnetic 
reluctance of the iron circuit were zero. 


(d) Discussion. — It is instructive to compare the Jungfraujoch magnet 
with the electromagnet described in detail by BLACKETT (1936). The ne- 
cessary figures are set out in Table II. 

The much higher ratio of iron to copper in the BLACKETT electromagnet 
is a direct consequence of the high field it was designed to produce. As it 
is at present used, most of the iron is far from being saturated and a scaled- 
down version of the Jungfraujoch magnet (weighing about 2 tons) would have 
the same performance. Conversely, if a field of 12000 gauss were required 
over a chamber the size of the Jungfraujoch one, a scaled-up version of the 


Tape II. — Comparison of Jungfraujoch Magnet with Blackett (1936) Design. 
| | | 
| Pos of | Mass of Power La Useful volume | 
| Copper , Iron (kW) ig | of cloud chamber | 
| (tons) | (tons) (gauss) | 
| | 
si Peg ax zi IE Fas 
i | 
BLACKETT (1936) . 3 8 5 14000 17 cm dia.x3 cm | 
| 12) (7500) | (28 cm dia.x 7 cem) | 
| | | | 
| | 
Jungfraujoch 6 | 8 27 5200 55x 55x16 cm? | 
| The figures given for the Blackett magnet are those originally published. In parentheses | 
are the figures for the present performance with a cloud chamber much larger than that for | 
which the magnet was designed. | 


Blackett electromagnet (weighing about 150 tons) would probably provide the 


best solution. 


Some details of the Jungfraujoch magnet design deserve criticism from 


the point of view of their effect on the operation of the cloud chamber. 


are referred to in the following sections. 


20 - Supplemento al Nuovo Cimento. 


These 


lis 
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2. — Photography and Illumination. 


(a) Photography. — The object to be photographed consists of a distri- 
bution of droplets whose size, at the instant of photography, is less than 
50 u diameter. The track of a minimum-ionization particle in argon at atmo- 
spheric pressure will contain about a hundred such droplets per centimetre 
and the breadth of the column containing the drops will be about 0.1 cm. 

At the small magnifications (m< 1/5) normally used for cloud chamber 
photography the size of the drop images on the final photograph is determined 
entirely by the overall resolution of the lens and film. With modern fast 
emulsions and normal good-quality camera lenses the minimum size of image 
disc obtainable is about 20 uw in diameter. This figure makes the most realistic 
starting point for designing a photographic system. It leads directly to a 
discussion of the magnification to be used. 

An extreme lower limit to the magnification is set by the requirements 
for accurate curvature measurement. If the breadth of the track image is 
to be set by the track itself and not by the photographic system the magni- 
fication must be such that m-0.1 cm > 20 u or m> 1/50. If m is less than 
this value, unnecessary errors are introduced in determining the position of 
the track. 

A more stringent limit is set by the need for comparing the ionization den- 
sities in different tracks. Ability to do this depends ultimately on resolving 
single drop images although other features of tracks (the frequency of gaps, 
blobs and 3-rays) give valuable information. From the figures given above 
the images. of 100 drops in a minimum-ionization track will appear on an 
area 0.1-m? cm? of emulsion. Each drop image has an area of ca. 4-10-° em? 
so that the inequality 


0.1-m? > 100-4-1076 


or 
m > 1/16 


must hold if overlapping of drop images is not to be serious. At a magni- 
fication much less than this track images lose their structure and become 
continuous lines with occasional blobs due to energetic d-rays. If systematic 
counting of drops to determine particle velocities is envisaged the lower limit 
to the magnification must be raised considerably since tracks with greater 
than minimum ionization will be involved and very little overlapping can be 
allowed. 

Having fixed the magnification, the relation between the lens aperture 
and the depth of focus can be considered. The following discussion assumes 
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that the magnification is small (m?< 1); some of the conclusions have been 
verified by experiment. 
If s’ is the diameter of the central diffraction disc formed by the lens 


aperture on the film and f/A is the aperture of the lens (A is the «stop 
number ») we have 


(4) si~w 2AA, 
where / is the wavelength of light. From geometrical considerations, if an 


object is placed a distance d/2 from the position of best focus the diameter (s”) 
of the image disc will be given by 


(5) a 


A discussion of the size of the image disc resulting from these two effects 
has been given by WILSON (1951). Here it is sufficient to say that neither s’ 
nor s” should be larger than our limit of 20 u . From (4) we find that the lens 
aperture should not be less than f/16 while (5) allows the depth of focus to 
be calculated. In practice, of course, the maximum aperture consistent 
with (5) is used so that the maximum amount of light scattered from the 
drops is collected by the lens. The sort of compromise solution that may 
be necessary is well illustrated by the example of the Jungfraujoch apparatus. 

_ Two cameras have been designed to photograph the Jungfraujoch chamber. 
The first uses 35 mm film and gives a mean magnification of 1/19; the second, 
using 70 mm film, gives a magnification of 1/9. The total illuminated depth 
of the chamber is 16 em. From (5) the apertures required to bring the whole 
chamber within the depth of focus are f/11 and //50 for the small and large 
magnifications respectively. From (4) the diameters of the diffraction discs 
produced in the two cases are 13 u and 60 u. The first of these is acceptable, 
the second is not. Moreover, with apertures less than f/12 the photographic 
quality can only be made satisfactory by delaying photography to allow greater 
growth of the drops; thus the convective distortion of tracks is increased. 

In practice this difficulty has been largely overcome by using an aperture 
of {/12 even for the large magnification and focussing the two lenses of the 
stereoscopic camera at different depths in the chamber. In this way ROLE 
every part of the chamber is photographed on one frame with a definition 
corresponding to s’= 25 u and the loss in definition on the other frame does 
not alter appreciably the accuracy with which stereoscopic reprojection can 
be carried out. 

It is interesting to consider the extreme case when the depth of focus 
obtainable is much less than the depth to be photographed. In this case a 
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number of cameras focussed at different depths must be used. Since the 
depth of focus varies as m-* and the area of emulsion used for each photo- 
graph varies as m?, the total amount of film required to photograph the whole 
volume of the chamber varies as m'. By contrast, at low values of m when 
the depth of focus can be made equal to the chamber depth the area of film 
used varies as m?. 


(b) Illumination. — The requirements that the illumination system must 
satisfy are simply stated. The light pulse must be of short duration and high 
intensity and the collimation must give a uniform beam with very sharp 
edges. It should be emphasized that increasing the light intensity without 
adequate collimation is valueless since what is desired is the greatest contrast 
between the track images and the background due to light scattered from 
the chamber walls, etc. If the flash duration is less than ca. 0.001 s the failure 
of the emulsion to obey the reciprocity law may lead to a loss in photographic 
efficiency; if it is much longer than 0.05 s the 
movement of the drops under gravity causes 
a loss of definition. 

The light sources used for the Jungfrau- 
joch chamber are two quartz discharge lamps 
filled with krypton. The lamps are 55 cm 
long and 4mm in diameter (*). Each lamp 


Fig. 6. - A horizontal section through the appa- 

ratus showing the geometry ofthe optical system. 

The shading shows the iron of the magnet. ©, coils. 

S, discharge lamp. L, cylindrical lens. P, camera. 

W, glass windows. V, velvet background for photo- 
graphy. 


dissipates about 3500 joules per flash and the duration of the light pulses 
is about 0.01 s. 

The most satisfactory collimating arrangement that has been used consists 
of cylindrical lenses made from « Perspex » sheet and filled with glycerine. 
Such lenses are of adequate optical quality and can easily be made to meet 
the exact geometrical requirements. 


(c) The Geometry of the Optical System. — Fig. 6 is a horizontal section 
of the Jungfraujoch apparatus showing the relation of the optical system to 


(*) These lamps were made by the Research Department of Siemens Ltd., Preston, 
Lancashire. 
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the electromagnet. Two features of the arrangement deserve criticism; both 
are consequences of the magnet design. | 

With the aim of producing as large a magnetic field as possible the « hollow 
pole » containing the camera was extended so far forward that the chamber 
can only be viewed by very wide angle lenses. The region of the chamber 
that is photographed is a truncated pyramid whose volume is considerably 
smaller than that of the entire chamber. An additional disadvantage of wide- 
angle photography is that the appearance of tracks varies considerably from 
the sides of the chamber to the centre. This makes the estimation of velo- 
cities from track structure extremely difficult. 

The second defect is in the position of the magnet yoke which allows in- 
sufficient space for the illuminating system. The cylindrical collimating lenses 
(L) are necessarily of large numerical aperture and the spread of the light 
beams due to the finite source diameter is appreciable. 

Judging from experience with the apparatus, it would have been wiser 
to have sacrificed a small part of the magnétic field in order to leave more 
space for both illumination and photography. 


3. — Temperature Control and Distortion. 


There are two reasons for controlling the temperature of a cloud chamber. 
In the first place, the optimum expansion ratio varies with temperature. If 
the expansion ratio is fixed and the temperature of the chamber falls, cloud 
condensation may occur. Conversely, if the chamber temperature rises, the 
track images will become faint. The maximum range of temperature variation 
that can be allowed if good quality photographs are to be obtained is ca. 
+ 1°C. 

Much more important in a magnet cloud chamber is the convection that 
results from temperature differences in the chamber. A simple example shows 
how important this effect can be. A track 30 cm long in a field of 5000 gauss 
has a sagitta due to magnetic curvature of 170/P where P is the momentum 
of the particle producing the track in MeV/c. For P = 5-10° eV/c this sagitta 
is 0.3 mm. Ifthe time delay between the passage of the particle and photo- 
graphy is 0.1 s, a convective velocity of only 3 mm per s will produce an equal 
displacement of the track. Evidently convective velocities must be reduced 
much below this value if momenta of 5-10? eV/c are to be measured accu- 
rately. 

Experience with the Jungfraujoch chamber has shown that temperature 
differences of less than 0.2 °C can produce intolerable distortion of tracks. 
Up to now attempts that have been made to isolate the chamber thermally 
and control its temperature to better than 0.1 °C have not been successful. 
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While artificial cooling of the bottom of the chamber helps to stabilise the 
gas, the first requirement is for an isothermal enclosure surrounding the chamber. 
An attempt is now being made to construct such an enclosure from heavy 
copper plates (12 mm thick) whose temperature will be governed by a flow 
of thermostatted water (100 litres per minute). 

Since convective distortion may vary considerably over quite short periods 
there is a need for a rapid method of estimating the level of distortion at any 
time. Two valuable ways of doing this are illustrated by Plates 1 and 2. 

Plate 1 shows an energetic « jet » of particles crossing the cloud chamber 
from a nuclear interaction in the lead above it. All the particles in such a 
jet have high momenta and the most energetic are in the core of the jet. 
Distortion affects all the tracks and is easily recognised. It may be measured 
by projecting the photograph through a prism compensator of the type de- 
scribed by BLACKETT (1937). The amount of curvature that must be intro- 
duced to restore symmetry to the jet is easily found. 

Plate 2 shows an example of an old track whose distortion is much more 
pronounced than that of the nearby tracks that initiated the expansion. The 
age of the track can be estimated from the separation of the positive and 
negative ions in the electrostatic clearing field and the magnitude of the con- 
vective velocity gradient can be found. Plate 2 shows, incidentally, how 
unlike a simple circulation the convective motion can be. 


4. — Selection of V-Events. 


The Jungfraujoch chamber has been used to study the V-events first ob- 
served in penetrating showers by ROCHESTER and BUTLER (1947). The counter 
arrangement used to trigger the chamber has been varied in many ways from 
time to time. Some of the features that have been found to be important in 
obtaining a high rate of V-events are discussed below. 

The extreme importance of having the transition material as close as 


40 


= A 
a = Fig. 7. — The fraction of unstable part- 
| icles produced above the chamber in 
the lead transition material that decay 
20 + 


B inside the chamber. The fraction is plot- 
ted as a function of the mean decay 
length of the particles (A). It is assumed 
that all the particles travel vertically 

0 | : - = SIA da pa geometry and that they are produced uniformly 
throughout the transition material. 

Curve A is the result of assuming that the particles do not interact in the lead; 
B shows the effect of assuming a geometrical cross-section for their absorption. 
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Plate I. — A high-energy jet containing a neutral V-particle. There is detectable con- 
vective distortion in the tracks forming the jet. 
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Plate II. - A photograph showing the very pronounced effect of convective distortion 

on old, diffuse tracks. The «age» of the track can be estimated by the separation of 

the positive and negative ions under the influence of the electrostatic clearing field. 
In this example it is ca. 0.5 s. 
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possible to the observable region of the cloud chamber is shown by the graphs 
of Fig. 7. These show, for an idealised geometry, what fraction of the un- 
stable particles produced in the transition layer can be expected to decay 
inside the cloud chamber. It is assumed that the particles are produced uni- 
formly throughout the transition material and move nearly vertically. The 
curves show the fraction that decay inside the chamber as a function of the 
mean decay length (4) which is related to the momentum (P), mass (M ) and 
mean lifetime (7) of the particles by 2 = (P/M)c. 

The decay lengths of A°- and 0°-particles with momenta of about 10° eV/c 
are of the order of 10 cm. Fig. 7 shows that the decays of slower particles, 
on which accurate measurements can be made, are very inefficiently selected. 
This is largely due to the gap assumed to exist between the transition ma- 
terial and the chamber. 

Fig. 8 shows a section of the selection system now in use. To reduce the 
gap between the transition material and the limit of the photographed volume 
of the chamber a wedge-shaped piece of lead is placed inside 


CLS Z) 


wanted soft air showers. It is sufficient to ensure the de- 
velopment of the nucleon cascade from any energetic nu- 


Fig. 8. — The selection system described in the text. The iron of 

the magnet is shown by single shading, lead by cross-hatching. 

The two proportional counters (P.C.) are connected in parallel. 

Alternate Geiger counters in the tray below the chamber are con- 

nected in parallel. The expansion of the chamber is initiated by 
a three-fold coincidence. 


the chamber at the top. The total thickness of the tran- 
Sition layer is 30 cm and it screens the counters from un- RESA 


clear interaction taking place near the top of the layer. Thus a number of 
low-energy nuclear interactions can be expected near the cloud chamber. 

The proportional counters placed in the lead above the cloud chamber 
were suggested by the work of Hopson, LorIA and RYDER (1950) and have 
been described by BUCHANAN (1954). They have a higher geometrical effi- 
ciency than the conventional trays of Geiger counters and provide a simple 
method of varying the selection criteria and the counting rate of the system. 

The split tray of Geiger counters below the chamber ensures that the se- 
lected events contain some particles moving nearly vertically and reduces the 
proportion of photographs showing showers with their axes dipping steeply 
across the illuminated region. 

If the proportional counters are biassed so as to respond to any ionization 
greater than that produced, on the average, by four fast particles the counting 
rate of the selection system is about 12 per hour. With a resetting time for 
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the chamber of 4 minutes the rate of photography is about 6 per hour. Under 
these conditions half the photographs show evidence for nuclear interactions 
in the transition material and about one photograph in 60 or 70 shows a 
V-event. 


Acknowledgments. 
The design of the Jungfraujoch apparatus was directed by Professor P. M. 8S. 


BLACKETT and Professor J. G. WiLson. I am greatly indebted to both for 
many discussions on every aspect of the work. 


The electromagnet was constructed by the Metropolitan-Vickers Electrical 


Co. Ltd., Manchester and several members of their Research Department were 
responsible for the mechanical design. ; 

Many people from the Manchester laboratories have worked with the cloud 
chamber at the Jungfraujoch and have made suggestions to improve its per- 
formance. I should acknowledge particularly the contributions made by 
Dr. J. P. AsTBURY, Mr. A. H. CHAPMAN, Dr. D. D. MILLAR, Mr. A. B. SAHIAR 
and Mr. R. F. WILKINS. 

The full cooperation of the Administration of the Hochalpine Forschungs- 

‘station, Jungfraujoch has made work there possible. 


REFERENCES 


F. BITTER: Rev. Sci. Inst., 7, 482 (1936). 

P. M. S. .BLACKETT: Proc. Roy. Soc., A 154, 564 (1936). 

P. M. S. BLACKETT: Proc. Roy. Soc., A 159, 1 (1937). 

J. S. BUcHANAN: Journ. Sci. Inst. 36, 136 (1954). 

A. L. Hopson, A. Loria and N. V. RrypER: Phil. Mag., 41, 826 (1950). 

G. D. RocHESsTER and C. C. BuTLER: Nature, 160, 855 (1947). 

J. G. Witson: The Principles of Cloud-Chamber Technique (Cambridge, (1951). 


ae 
inten 


SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N. 25. 1954 


The Measurement of Cloud-Chamber Tracks. 


K. H. BARKER 


Imperial College - London 


1. — Methods of Curvature Measurement. 


11. Co-ordinate Plotting (using a low-power microscope). — The track to 
be measured is divided into a number of equal cells, whose length is chosen 
so that between 10 and 20 co-ordinate measurements can be made, and the 
mean y-co-ordinate of each cell is determined by means of a vernier eye-piece 
scale. A cell length of. 0.5 
or 1 mm is suitable for a pho- 
tographic demagnification of 
about 10. 


A typical microscope plot Bars È 
shown in Fig. 1 has been fitted 
by a least-squares parabola. (mm on film) 


The cell length is 0.5 mm and 
the reading error of a single co- 
ordinate determination is about 
2.5 u (i.e. about 2% of the track width); this is found by repeated setting. 
However, the R.M.S. deviation of the measured coordinates from the fitted 
curve is, in this case, about 4 u. This reflects the inherent track noise which 
is due mainly to the ionic diffusion occurring before condensation commences. 
There is a smaller contribution having its origin in the finite range of the 
more energetic secondary electrons formed along the path of an ionising 


Fig. 1. 


particle. 
If the error, dy, in a co-ordinate measurement is known the corresponding 
error in the curvature can be easily calculated. Thus for a curve of the form: 


—a + ba + cx? 


the curvature is 
(1) Cy = 2c, 


to a good approximation provided the curvature is not too large. Now it 
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can be shown that the error in the coefficient ce is: 


emt n 
(2) be= +o) sa csava: 


mn being the number of cells (odd to make Y #, = 0). 
lesse Sub 
(2a) do — 20c + 1.76: dy-I-? 


reciprocal metres on the film, expressing dy in microns and / in mm. 


Measurements on tracks taken with the Pic-du-Midi chamber in conjunction | 


with equation (2a) yield a value for the track noise that can be compared with 
that derived by Professor BLACKETT. The results fit the relationship: 


0.78W 
re 


(3) doge m-! (in the chamber). 


W, l are the track width and length (cm) respectively and J is the specific 
ionisation expressed in units of the minimum value. For a minimum ionis- 
ation track of width of 1 mm and length 15 cm the noise curvature is 0.09 m-! 
corresponding to a momentum of about 25 GeV/e in a magnetic field of 
8000 gauss. ; 

An alternative method of reducing a series of co-ordinate measurements, 
which is considerably more rapid, involves a second difference calculation. 
The track is divided into 3n cells and the curvature calculated from the 
formula: 


IZ (Yr 2Y i Usa) 


(4) Oe Te n se 


In effect we have n independent curyature measurements; the variance of the 
mean can be calculated in the usual’ way. 


1°2. The Prism Compensator (cf. BLACKETT, Proc. Roy. Soc., 1936). — The image 
whose curvature is required is projected through a prism which can be rotated 
about a horizontal axis on to a diffusing screen perpendicular to the axis of 
the system (Fig. 2). The prism is rotated until the image on the screen, viewed 
at a grazing angle, appears straight. The curvature of a track is given by 
the relationship: 


(5) : 6 ==:0, 810), 
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where (90 — 0)° is the angle between screen prism fim-hokder 
the track and the refracting edge of 
the prism. The constant o, is de- 
termined by means of calibrated 
circular ares. 

The setting up of the instrument 
is very simple and it is only neces- 
sary to adjust the position of the Fig. 2. 
track until there is no net vertical 
displacement when it is rotated through 180°. Any maladjustments are 
eliminated by taking sets of four observations: 


0, with prism edge away from observer , 


6, with prism edge near the observer , 


and 0, and 0, in which 6, and 0, are repeated after turning the film-holder 
through approximately 180°. 
Then it can be shown that: 
(020) = Os #90 


(6) ae è, [? 


The deviation of the image by the prism can if desired be compensated by 
mounting the projection lens eccentrically with respect to the axis of rotation. 
However, in this case the calibration is somewhat more complicated (cf. WI- 
SON, 1951). 3 

The instrument is a rapid and accurate method of measuring small cur- 
vatures. Furthermore it is of simple construction and virtually noise-free. 
It should be emphasized that the precision of result obtained with a com- 
pensator is virtually unaffected by the fact that different observers have dif- 
ferent standards of straightness. Although, for example, three observers were 
found to have standards of straightness which had curvatures of — 0.014, 
+ 0.02 and + 0.015 m- respectively, they obtained concordant results on 
good quality tracks. The reason is that an observer’s personal standard varies 
only very slowly and the sequence of observations discussed previously then 
eliminates the effect of any non-absolute standard. 


1:3. Fitting of Calibrated Circular Ares. — There are two variations of this 
method. In that most commonly used a number of calibrated circular arcs 
are compared successively with the track whose curvature is required. A 
refinement consists in using a calibre of continuously variable curvature. The 
method is rapid in practice and is claimed to be capable of high precision in 
the hands of an experienced observer. It is particularly useful for the measure- 
ment of highly-curved tracks. 
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2. — The Measurement of non-circular tracks. 


Frequently cloud-chambers are photographed using wide-angle lenses and 
the image of a dipping magnetically-curved track can be appreciably non- 
circular. An inhomogeneity of the magnetic field will cause an additional 
distortion. This distortion can be approximately represented by a cubic term 
in the equation to the curve. This gives a linear variation of curvature along 
the track. Fortunately methods of curvature 
measurement are very insensitive to a cubic 


aS term, or in fact to any odd power in the ex- 

Nee ie te SS pansion. This is readily seen by considering 

i enaperated oppeorance of the measurement of a cubic curve by the com- 

Se ae" gla pensator. The addition of a circular curvature 

Fig. 3. - Exaggerated appea- equal to that at the mid-point of the track will 

rance of compensated cubic give a curve of the form shown in Fig. 3. 

CULNG: Compensation now involves a judgement of 

symmetry rather than of straightness. 

Curvature measurements made on non-circular arcs using the compensator 

and the least-squares method of fitting a parabola yield values in very good 

agreement, e.g. a curve of which the curvature varied by a factor of four from 

one end to the other gave values 5.69 + 0.06 m7! and 5.76 + 0.13 m- res- 
spectively using the two methods. 


3. — The spatial Reconstruction of Cloud-chamber tracks. 


Stereoscopic photographs of cloud-chamber tracks enable their spatial 
orientations to be determined. Either co-ordinate measurements on the photo- 
graph or optical reprojection through the camera on to a suitable screen can 
be used. 


3°1. Co-ordinate measurement. — If the line joining the lens axis is taken 
as the «-axis and the lenses are identical and have parallel axes, then the 
depth of a point on a track can be determined from a measurement of the 
distance apart of the corresponding homologous points on the two photo- 
graphs. Referring to Fig. 4 is is seen that 


AC, | VE 
È TR E 
i.e. 
© Vd 
(7) Cay el 


where D is the distance from the lens to the front window of the chamber 
and z is the depth measured from the window. 
This simple relationship is only true when the lenses are focussed in the 
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same plane. If for example the centre of one lens is displaced from L,—> Li 
the separation, 4, of homologous points becomes a function of both @ and zi 
instead of z only. 

This method is particularly useful when the ste- 
reoscopic angle is large but for small angles precise 
measurements of A are required. For the Pic-du-Midi 
chamber for example, 


Teti POI, 
i=, 5pm. 
D2 “CMe, 
fia CD CIO, 


and hence dA/dz= 10-2 cm on film/em depth difference 
in chamber. That is, 4 must be measured to about 10% of a track width 
to give an accuracy of 1 mm in the depth co-ordinate. 

If the photographs can be viewed stereoscopically, measurements can be 
made more rapidly and conveniently using what is, in effect, a stereoscopic 
depth gauge suggested by M. S. CoaTEs. Two inclined lines ruled on a piece of 
transparent material give the impression of a dipping line when seen stereo- 
scopically, i.e. each separation corresponds to a different depth. The 

depth of a particular point can now be determined 
Se by placing the gauge on top of the stereoscopic. pair 
; and adjusting its position until the line appears to 
j intersect the point. The gauge is illustrated diagram- 

2 matically in Fig. 5. 

0 

3:2. Optical Reprojection. - The method most com- 
monly employed involves reprojecting the stereoscopic 
photographs through the original camera or one which 
is optically identical. The image is received on a semitransparent screen 
and reconstruction of a track is effected either by using a screen that 
can be tilted and lining up along the whole length, or by using a screen with 
only one degree of freedom and measuring the co-ordinates of a number of 
points separately. Rapid reconstruction of a cloud-chamber event can be 
achieved in this way to a precision as good as that which can be obtained by 
the co-ordinate method. For small stereoscopic angles this method is quicker 
at the same level of accuracy. A depth co-ordinate can be determined to 
within 1 mm from a photograph obtained with the Pic-du-Midi camera having 
a mean stereoscopic angle of about 7°. It is, of course, essential that the film 
should lie in exactly the same position in the camera as it did when the 
exposure was made. Furthermore, excessive heating of the film by the source 
of illumination during reprojection must be avoided. Film shrinkage during 


Pio. 5. 


Viet 


314 K. H. BARKER 


processing is a possible source of error and can lead to an apparent change of 
depth of as much as several percent. It is usual to have reference marks, 
separated by known distances, on both the back and front walls of the chamber 
so that a check can be made to ensure that there are no serious distortions in 
the reconstructed image. 


4. — The Relationship between the Trajectory of the Particle in the Cloud- 
chamber and the Image on the Film. 


We consider an arrangement with the axis of the photographing lens pa- 
rallel to the magnetic field and with the plane of the film perpendicular to 
the axis of the field. A particle of momentum, P, making an angle (90 — «,)° 
with a homogeneous field will describe a helix wound on a cylinder of radius, 
0, given by: 

St P cos x; 


(3) Dis 300 cm, 


where P is in units of eV/e. 

An arc that is small compared with © lies very close to the osculating 
plane at the mid-point and can be considered effectively a plane curve of 
radius sec? x,. However this is not the photographed curve since the 
chamber gas suffers a uniform dilatation such that tg x/tg x, = expansion 

ratio (usually ~ 1.08), and the 

object image a space radius of the are be- 

2222-24 comes oe sec? x. In practice it 

is often necessary to use short- 

focus lenses and the film image 

is a conical projection of the 

trajectory. The form of the 

image can be derived analyti- 

cally or more simply from 

simple geometrical considerations. Let us project the true trajectory and its 
image on to a plane perpendicular to the magnetic field (Fig. 6) 

Since the sagitta lies in a plane of constant ¢ it simply suffers a demagni- 
fication: 


The chord, however, suffers an apparent rotation, f, where tg B= tg «/(D--z), 
z being the depth co-ordinate of the point nearest to the lens axis. 

Since the magnification along the space chord is variable the length of its 
image is not simply L,,-V(D+2). To a close approximation, in fact, the 
image is a cubic curve (Fig. 7). 
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The separation between the image, M, of the 
mid-point of the chord and the mid-point, M', of 
the chord image is always small and we may write: 


st ess 
cos 8 D+%, 


(9) 


The length of the space chord can be found either by reprojection, having 
located accurately the end points of the measured section, or by calculation 
in terms of the co-ordinates of the mid-point 
of the track. If the y-axis is taken along the 
direction of the chord, then it can be shown 
that the ratio of the length of the image 
chord, referred to the magnification at the mid- 
point, to the length of the projection of the 
Space chord on the xy-plane is (Fig. 8): 


(10) Lay > Si Î Yo tS x] 


Ly cos * D+as 


We can now write the following expression for the projected curvature of 
the track: 


4 88, 3 IL ct | a] 
(11) Iproi — L? | E ITDEE | cos? B 1 3 D+, È 


The first term is the circular component of the image curvature, the second 
the magnification of the mid-point of the track and the term in square brackets 
is a correction factor. 


5. — Effects of Inhomogeneity of the Magnetic Field. 


Before proceeding to derive an expression for momentum we must con- 
sider a further correction which must be applied when the magnetic field is 
markedly inhomogeneous. 

First of all it is necessary to find the value of the magnetic field to be 
used when converting curvature to momentum. Usual practice is to use either 
the field, H,, at the mid-point of the measured section or the average field, H, 
over the whole track. An empirical investigation by M. 8. COATES indicates 
that (H +H.) i 2 is probably a rather better estimate though unless the magnetic 
field is exceedingly inhomogeneous, H and H, only differ by a very small 
amount. For example, although the field of the Pic-du-Midi magnet varies from 
6000 gauss to 9000 gauss in the illuminated region of the chamber, values 
of H and H, rarely differ by more than 1 or 2%. 
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A more important effect may be that due to a combination of field inhomo- 
geneity and conical projection. The transverse field components give rise to a 
curvature in a plane parallel to the axis of the magnetic field and a fraction 
of this curvature appears in the image. If H, = 7H,,,,,, then an approximate 


correction can be made by multiplying the measured curvature by the factor: 


where H,is an effective average transverse field dependent on the position 
of the track’ in the chamber and on its angle of dip, x. This correction rarely 
exceeds 5% for the Pic-du-Midi chamber and is usually considerably smaller. 


6. — Momentum Estimate. 


Finally we may write an expression for the momentum of a particle in- 
volving its measured curvature and the various correction factors: 


H,\ 100 see 
sl à SL eV/c 


TT | 
P = 300: (- = 2 
yi Osroj(l + €) 


where o... is measured in reciprocal metres. 


proj 


7. — Momentum Errors. 


The most important momentum errors arise from both random and syste- 
matic errors which alter the curvature of a track. 


71. Lens distortions. — A systematic error, which is important when wide- 
angle photography is employed, is due to curvature distortion introduced by 
the lenses. These distortions can be measured by photographing a series of 
straight wires and a curve constructed 
showing curvature as a function of 
angular distance from the lens axis. 
. The correction procedure presents 

$ è Di 3? no difficulties as long as the curvatures 
Fig. 9. are substantially circular, otherwise a 

measured track must be laboriously 

corrected point by point. The front window of the cloud-chamber introduces 
an additional distortion which is always positive and increases linearly with 
angular distance from the lens axis. Fig. 9 shows the distortions of a Leitz- 


A - 


\ 


Hektor 2.8 cm lens used at j/6.3 and also the combined effect of the lens and 
the front window. 


72. Gaseous convection error. — This is fundamentally a question of close 
temperature control and to reduce convection distortion to a minimum it is 
usual to surround the cloud-chamber with a thermostated water-jacket. A cert- 
ain amount of thermal insulation between the chamber and the magnet may 
also be necessary. Any residual convections can be still further reduced by 
applying a small temperature gradient e.g. by 


cooling the bottom wall of the chamber. oe 
During the course of an experiment the | 
rs 


gaseous distortions are checked at intervals 
by measuring the curvatures of single u- 
mesons in zero magnetic field. It is essen- 
tial to ensure that the temperature condi- 
tions remain unchanged during these cali- 
bration runs. The curvatures of the tracks 
of energetic u-mesons under no-field condi- 
tions are due to multiple gas scattering, 
inherent track noise and to gaseous distortion. 
With good temperature control the apparent o 
curvature of short tracks is due to scattering 

and noise and only long tracks show the con- 

tribution of convective distortions; a typical 

curve is shown in Fig. 10 where it is assumed that the convection curvatures 
are circular. However, if we consider the mechanism of convection it becomes 
obvious that the distortion of a long track may be considerably smaller than 
that on a shorter track. The simplest mode 
of convection in a cylindrical chamber is a cir- 
cular gas motion which converts a straight 
track into an S-shaped curve. In the case of 
a track passing near the centre of the con- 
vection pattern and lying symmetrically about 
it, the measured curvature is zero. Therefore 
it is not entirely satisfactory to assume that 
a distortion curvature measured on long tracks 


0,10 


=" 
+ 


Oo 
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spurious| space curvature 


0,6 0,3 (0) 0,3 0,6 0,9 x 7 è 
3a curvature on film (m') applies also to shorter tracks. A curve similar 


Fig. 11. to that shown in Fig. 10 should be obtained 

by measurements over various lengths of no-field 

tracks and for different orientations in the chamber. When convection is 

severe there may be very complicated patterns set up in the chamber and 
precise curvature measurements are then impossible. 
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The curvatures of a typical series of no-field tracks, at least 14 cm in 
length, taken with the Pic-du-Midi chamber are shown in Fig. 11. There is 
some evidence of a slight systematic bias to positive curvatures. The R.M.S. 
width of the fitted Gaussian curve is 0.18 m-! and, subtracting the noise con- 
tribution, the residual curvature is about 0.13 m-! which corresponds to an 
average momentum of about 18 GeV/c. 


73. Track Noise. — The magnitude of this effect has been discussed 
previously. It is of major importance for track lengths smaller than about 
10 cm. ; 


74. Multiple gas scattering. - The expression most commonly used is that 
due to BETHE (1946) which gives the ratio of the R.M.S. scattering curvature, 
do,, and the magnetic curvature, og: 


do, _ Po 
On (on 


(Professor BLACKETT’s lectures contain some discussion on multiple scattering). 

For relativistic particles (6 1) in a magnetic field of 8000 gauss the pro- 
portional curvature error due to scattering is only a few percent, e.g. 3% 
for 10 cm tracks in argon at 90 em Hg. 


75. Errors in measurement and correction procedures. — Under ideal con- 
ditions errors introduced by the measurement procedure are negligible com- 
pared with other errors. Occasionally, however, the result obtained on the 
two frames or by different observers may vary appreciably. In addition, if 
large corrections are necessary to allow for the distorting effects of conical 
projection, a further error may be introduced. The overall error due to these 
causes, do,,,, May be estimated by calculating the standard deviation of inde- 
pendent measurements made by different observers. 


7-6. Total Curvature Error. — In the assessment of an error in the final 
curvature the various components are regarded as independent and combined 
quadratically : 


wa 5 2 nee 2 
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8. — Momentum Error. 


The curvature error is always the most important error in a calculated 
particle momentum. It is important to note that, since do, is symmetri- 


cally distributed, the momentum error is necessarily asymmetric. 
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Counters without Walls Mounted inside a Cloud Chamber. 
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Low energy particles produced within a cloud chamber are not able to 
get out, owing to the stopping power of the walls: it would therefore be de- 
sirable to transfer the counter inside the cloud chamber. 

If a conventional counter is inserted, the particle could still be absorbed 
by the cathode and in addition the track inside the counter would be lost and 
heavy turbulence would be set up in the cloud chamber gas. 


These difficulties may be avoided by using a counter in which the cathode 
consists of a cylindrical arrangement of rods or wires, instead of the usual metal 
tube. By putting such a device inside a cloud chamber we produced a counter, 
the sensitive volume of which was not separated from the main chamber 
volume by any wall and in fact formed part of the usable chamber volume. 
— This counter has clearly no stopping power other than that of the gas filling, 
unless the particle happens to strike one of the wires — a rather unlikely event. 

A simple extension of this led to the mounting of two of these special 
counters inside a cloud chamber, thereby permitting a coincidence arrangement. 

A common filling of pure argon at 1.5 atmospheres, saturated with ethyl 
alcohol vapour, proved to be quite satisfactory both for the operation of the 
counter and of the cloud chamber. 

Naturally, detection is not limited to low energy particles since high energy 
particles also produce counts: if required, discrimination between different 
types of events happening inside the cloud chamber can be made directly by 
means of the pulse amplitude. 

First I will describe the functioning of such a counter, full details of which 
are given in a paper by A. L. Hopson, N. V. RyDER and myself (!). Later 


(1) A. L. Hopson, A. Loria and N. V. RYDER: Phil. Mag., 41, 826 (1950). 
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I will talk about the use of two of these counters in a cloud chamber, forming 
a coincidence arrangement. I should add that all the photographs I will show 
have been taken with this latter system by Hopson and myself in the Physical 
Laboratories of Manchester University and are unpublished. 

The counter was operated in the conventional manner with the central 
wire at potentials of the order of +2 kV with respect to an earthed cathode. 
The pulses, were passed to a variable high gain amplifier and then to a dis- 
criminator. They were then used to trigger a suitable valve circuit which, 
after a controlled delay, completely removed the field from the counter: as a 
result no unwanted multiplication of ionisation was allowed to occur during the 
cleaning cycle of the cloud chamber. 

For a given gas mixture and pressure within the cloud chamber, two main 
variables remain, namely the field in the counter and the delay in switching 
it off after the arrival of the triggering particle. It will be convenient to dis- 
tinguish four main combinations which are respectively: 


I) Operation in the proportional region: 


a) short delay of about 20 us; 


b) longer delay ~1 ms. 


II) Operation more towards the Geiger region: 


a) short delay of about 20 us; 


b) longer delay — 1 ms. 


If the counter is operated in the proportional region a short delay reveals 
the presence of a « bead » of icnization round the wire at the point where gas 
multiplication has taken place (Fig. 1a), but if the delay is increased the 
positive ions have time enough to move appreciable distances towards the 
cathode and so appear in the photogiaphs as rings lying in planes perpendi- 
cular to the central wire (Fig. 1b). 

One particularly interesting point is that these photographs demonstrate 
clearly that, in the proportional region, the phenomenon of gas multiplication 

takes place in a strictly limited and very small part of the volume of the 
counter. 


At higher potentials the discharge starts to spread along the wire in a 
series of peculiar jumps, each giving rise to a bead, as seen in the photographs 
taken with a short delay (Fig. 2a). Longer delays result in the production of 
a system of multiple rings, which in. extreme cases coalesce to form hollow 
cylinders of heavy ionization throughout the whole counter volume (Fig. 26). 


Fig. la. 
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In practice, too much ionization within the counter can be a serious dis- 
advantage as it can obscure the track of the particle which is normally as 
clearly visible within the counter as outside. lt is therefore obvious that 
these counters are best used in the proportional region. 

If the central wire is not clean and dust particles adhere to it one can 
observe little streamers of ionization from the wire to the cathode: however 
these are sharply defined and cause little trouble as they reproduce them- 
selves in the same position in successive photographs until the wire is cleaned. 

It is of course impossible to avoid photographing old rings since not all 
particles counted will trigger the cloud chamber, owing to the requirements 
of the coincidence and discriminating circuits. Profit may be made from this 
apparent disadvantage by using the diameters of the rings as a measure of 
the time interval between individual counts. In the normal cloud chamber 
the age of the track is estimated by its width, which depends on the diffusion 
velocity, but in our case the velocity of the ions towards the cathode is much 
greater than the diffusion velocity and thus a ring of quite appreciable dia- 
meter is formed, while the ions of a normal track would still be ee close 
to the trajectory of the particle. 

One of the major disadvantages of the normal cleud chamber is that the 
resolving time is only about 2-10-? s whereas, in fact, using the ring diameters 
to estimate time intervals, we have obtained a resolving time of the order 
of 10-48, which represents a gain of about 200. ; 

Only particles which trigger the counter have an associated bead of ioniz- 
ation: thus direct inspection of the photographs reveals the triggering particles 
even though many other contemporary particles are present, e.g. in a shower. 
Thus, not only may time intervals be determined (including zero interval), 
but the actual triggering particle or particles may be identified. 

It was not self evident that two counters in coincidence could work inside 
the same cloud chamber without causing complications, e.g. induced pulses 
producing false coincidences. We tested this possibility with satisfactory 
results. : 

The main advantage of having two counters working in coincidence inside 
a cloud chamber, in comparison with a single counter arrangement, is that 
contamination «-particles cannot trigger the chamber, if the distance between 
the two counters is sufficiently-great. Thus it proved possible to record low 
energy events occuring inside the cloud chamber, without at the same time 
having it repeatedly triggered by «-particles. 

Those interested will find that the technique is not unduly difficult pro- 
vided that a few elementary precautions are observed. 


I have to thank Dr. A. L. Hopson, now in the U.S.A., for his kind per- 
mission to give this account of our work. dit ies 
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T"RE PARTIE 


1. — Introduction. 


Dès le début du développement de la chambre de Wilson on a songé a 
placer è l’intérieur des chambres une ou plusieurs plaques métalliques, dans 
le but d’étudier l’interaction d’un rayonnement avec une matière plus dense 
que le gaz de la chambre. Le premier exemple est probablement la photo- 
graphie classique de C. T. R. WILSON montrant les photoélectrons d’un faisceau 
de rayons X traversant une plaque d’argent. Cette pratique s’est généralisée 
dès le début de l’étude des rayons cosmiques, mais la plupart du temps il ne 
s’agissait que d’une ou deux plaques placées dans une chambre magnétique. 
Ce n’est que beaucoup plus récemment en particulier avec HAZEN que la 
chambre a plaques multiples s’est développée pour devenir un instrument de 
premier ordre, irremplacable pour certaines études et venant méme concur- 
rencer la chambre magnétique dans des domaines qui lui semblaient réservés. 


2. — Avantages et inconvénients des chambres a écrans. 


Nous allons voir d’abord rapidement les renseignements que l’on peut tirer 


x 


d’une chambre 4 écrans: 


1) La chambre a plaques permet Vétude d’interactions nucléaires. 


2) Elle permet de distinguer aisément entre les particules pénétrantes 
et les électrons qui se multiplient a la traversée des plaques. 
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3) Grace a ces gerbes cascades, elle détecte mieux que la chambre ma- 
gnétique ou que l’émulsion photographique les photons produits dans une 
interaction nucléaire et permet méme d’en estimer Vénergie (100 MeV par 
électron au maximum de la gerbe si les écrans sont en plomb). 


4) Puisque la chambre 4 plaques détecte les interactions nucléaires, elle 
permet la mesure des libres parcours moyens d’interaction des particules péné- 
trantes..La chambre A plaques arréte les particules et permet d’étudier leur 
désintégration au repos (événements S). 


5) Quand une particule est arrétée, la mesure du parcours fournit une 
tres borine mesure de l’énergie (si on connait la nature de la particule et si elle 
a traversé au moins une plaque). 


6) Enfin, utilisation combinée du scattering, du parcours et de l’ioni- 
sation permettent une estimation généralement assez grossière pour un cas 
individuel de la masse des particules arrétées. 


En regard de ces qualités, il faut évidemment placer certains inconvénients : 
la chambre a plaques ne eonnaît évidemment pas le signe des particules, les 
estimations de l’ionisation se faisant sur des troncons courts sont encore plus 
incertaines que dans la chambre magnétique, pour les particules non arrétées 
les estimations de l’énergie sont très imprécises; en effet, on ne peut la mesurer 
que gràce au scattering et on ne dispose que d’un petit nombre d’angles. 


3. — Conditions d’emploi. La chambre idéale. 


Toute la philosophie de la chambre a écrans s’exprime dans une évidence: 
tous les renseignements qu’elle nous fournit, gerbes cascades, parcours, réac- 
tions nucléaires, dépendent de l’interaction des particules avec la matière des 
plaques, mais ces renseignements ne nous sont communiqués que par la pho- 
tographie des trajectoires dans le gaz. Pour avoir le plus d’informations 
possible il faut done augmenter l’épaisseur de matière traversée par les par- 
ticules, pour que cette information ne soit pas perdue il faut que la matière 
soit fréquemment interrompue par des zònes de détection. 

En pratique, il existe une espèce d’accord entre les différents expérimen- 
tateurs sur les meilleures dimensions élementaires (épaisseur des plaques, 
intervalle entre plaques). Pour les matériaux lourds, — la plupart du temps 
plomb, parfois cuivre ou fer, — les épaisseurs employées sont généralement 
comprises entre 0,5 cm et 1,5 cm. Ce dernier chiffre est d’ailleurs trop élevé 
si on s’intéresse au libre parcours moyen des particules, car le nombre de 
réactions non détectées croit rapidement avec l’épaisseur. Le choix de l’épais- 
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seur optimum dépend évidemment d’un compromis entre le rendement (plaques 
épaisses) et la précision. 

L’intervalle entre plaques est généralement compris entre 2 et 4 em. Ici 
aussi le choix est une question de compromis, si l’intervalle est trop petit. il 
devient difficile d’avoir un fonctionnement convenable de la chambre, les 
problèmes d’éclairage deviennent très ardus, les jugements d’ionisation de plus 
en plus hasardeux, les mesures géométriques plus imprécises. Si l’intervalle 
est grand le nombre de plaques dans une chambre de hauteur donnée diminue. 
Les avantages du grand nombre de plaques sont si importants qu’il nous semble 
préférable de travailler au voisinage de 2 cm d’intervalle, les difficultés tech- 
niques ne sont pas nettement. plus considérables. que pour des intervalles plus 
grands. ei I ad 
| Ces conditions étant posées, il est clair que le rendement et l’utilité d’une 
chambre à écrans dépendent directement de sa taille: le nombre absolu. de 
‘plaques dépend en effet de la hauteur et, de plus, le nombre de plaques tra- 
versées par une particule inclinée sur la verticale est fonction de la profondeur 
et de la largeur. Pour donner un exemple, la chambre du groupe de M.I.T. 
mesure en gros 50 x50x18 em, et pour les recherches actuelles sur les parti- 
cules S, elle est plutòt trop petite. 

Il faut aussi remarquer que la réalisation d’une très grande chambre è 
plaques présente des difficultés techniques, mais ces difficultés sont moins 
essentielles que dans le cas d’une chambre magnétique. Méme si on néglige © 
le problème principal, la réalisation d’un champ magnétique dans un grand 
volume, une grande chambre sans éerans présente des inconvénients très sérieux. 
1) Le rapport volume à surface étant modifié, une grande chambre met un 
temps considérable a reprendre son équilibre thermique, et cet allongement 
du temps mort diminue le rendement. 2) Il est difficile de réaliser dans une 
grande chambre un bon champ électrique de nettoyage. La distance entre 
les électrodes étant grande, on est conduit — pour éviter le brouillard de fond — 
à augmenter le voltage. Mais un potentiel trop élevé provoque souvent des 
phénomeénes électriques, eux-mémes générateurs de brouillard. 3) Enfin, une 
grande chambre sans écrans est un domaine de choix pour le développement 
de courants de convection, l’expérience montre qu’il faut un contròle ther- 
mique rigoureux pour obtenir des trajectoires non déformées dans une grande 
chambre magnétique. 

Il est bien évident qu’une chambre 4 plaques n’est affectée par aucun de 
ces inconvénients. Les plaques fournissent une réserve thermique considérable, 
ce sont des électrodes idéales pour le champ électrique, enfin les mouvements 
de convection ne peuvent pas prendre beaucoup d’ampleur et d’ailleurs ils 
ont moins d’importance pour le résultat. En effet, il est rare qu’il soit néces- 
saire de connaitre une donnée géométrique avec la précision absolue requise 
pour la mesure de la fléche d’une trajectoire courbée dans un champ magnétique. 


} 


En résumé, l’efficacité d’une chambre à plaques dépend fortement de sa 
taille, mais la construction d’une grande chambre de ce type ne se heurte pas 
à des difficultés fondamentales. 

Une autre condition indispensable 4 la bonne exploitation d’une chambre 
‘è écrans est la nécessité d’un angle de recoupement stéréoscopique aussi grand 
que possible. En effet, les renseignements qu’elle donne, interactions nucléaires, 
mesure des épaisseurs traversées, dependent essentiellement de la précision des 
reconstructions dans l'espace. 

Cette condition est relativement facile 4 remplir puisque rien ne s’oppose 
a l’écartement des objectifs photographiques, ce qui n’est pas le cas des 
chambres magnétiques 4 cause des pièces polaires de l’électroaimant. Notons 
qu’il faut cependant éviter que l’ombre des parois latérales ne réduise trop 
la partie utile de la chambre. Ici encore, on est conduit à augmenter la largeur 
de la chambre. 


4. — Détails techniques. 


Il ne faudrait pas conclure de ce qui précède que la construction d’une 
chambre a plaques de bonne qualité soit extrémement facile. Si sur certains 
points elle est moins exigeante que la chambre magnétique, il existe quelques 
difficultés qui lui sont propres, et deux au moins 
de celles-ci augmentent avec la taille. 


4-1. La réalisation de plaques planes. = Le 
métal classique pour ta construction des pla- 
ques est le plomb qui présente l’avantage d’une 
grande densité et d’un numéro atomique élevé. 
Malheureusement une plaque de plomb a ten- 
dance a se déformer sous l’action de son propre 
poids et cette déformation devient importante 
quand on cherche à construire la chambre idéale 
(plaques minces de grande surface). Il existe plu- 
sieurs maniéres de résoudre ce probléme, citons ge facon a ce que les objectifs 
Vemploi d’un alliage plus rigide (Pb, Sb), on photographiques les voient par 
peut aussi maintenir les quatre còtés de la pla- la tranche. 
que par de l’acier ou du laiton; on peut la faire 
reposer tout entière sur une plaque mince de métal léger (duralumin), celle-ci 
ayant été au préalable mise en forme de telle facon qu’elle prend une forme 
plane sous l’action du poids de la plaque de plomb. Enfin, on peut aussi tourner 
la difficulté en employant un autre métal que le plomb, par exemple le cuivre 
ou méme l’acier qui sont un peu moins efficaces pour la détection des photons 


Fig. 1. — Vue schématique de 
l’arrangement des écrans dans 


une chambre. Ils sont disposés. 


LA CHAMBRE DE WILSON À ÉCRANS ; i 325 | 


~ 


326 CH. PEYROU 


ou des électrons, mais qui présentent un pouvoir d’arrét comparable ou méme 


supérieur. 


4°2. Eclairage. — La fig. 2 suffit a poser le probleme, les écrans limitent 

la longueur de lampe qui éclaire une gouttelette de brouillard. Pour augmenter 

la lumiére on transforme la surface des plaques 

[aree en miroirs qui amènent de la lumière par ré- 

flexions successives. Pendant longtemps on a 

le chromé les écrans, mais il semble qu’il vaille 

"e mieux employer l’argent ou l’aluminium. Il est 

évident qu’on ne peut compter sur un trop grand 

nombre de réflexions, done plus on s’éloignera 

Fig. 2. — Le problème de de la lampe plus la lumière diminuera. Ceci 

l’éclairage. pose une limitation a la largeur de la chambre, 

à partir d’une certaine limite on ne pourra 

augmenter cette largeur qu’en agrandissant simultanément l’intervalle entre 
écrans 


Gouttelette 


4°3. Les déplacements. — Ici aussi la figure définit le probleme (fig. 3). 
Pendant la détente les gouttelettes de brouillard se sont déplacées de manière 
irréguliére aussi bien latéralement qu’en pro- 
fondeur. Toute reconstruction géométrique qui Trajectoire obser vée {_Thajectoire réelle 
fait intervenir des trajectoires situées dans i 
des compartiments différents devient impos- i 
sible, ou tout au moins très incertaine. Ce 
défaut est donc l’équivalent des déformations 
dans les chambres magnétiques. Mais alors I} 
que ces derniéres sont dues principalement a if 
des courants thermiques, il semble que les : 
déplacements proviennent de mouvements dus Fig. 3. — Les déplacements dans 
à la détente elle-méme. Beaucoup de solutions une chambre a plaques. 
particulieres ont été données au probleme 
des déplacements. Le principe général semble étre le suivant: il faut éviter 
que certaine parties de la chambre aient tendance a se détendre en envoyant 
du gaz dans les compartiments utiles où il provoque des courants rapides 
générateurs de déplacements. 


5. — Emploi des mesures de scattering dans les chambres. a plaques. 


Le principal défaut de la chambre a plaques est sans doute qu’elle ne fournit 
pas de bonne mesure de l’énergie ou du moment des particules. Le parcours 
donne évidemment une excellente mesure du moment, mais encore faut-il que 
la particule s’arréte et que sa masse soit connue. Par contre, on peut toujours 


- ne i 
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mesurer les déviations angulaires 4 la traversée des plaques et obtenir la quan- 
tité pBe par comparaison avec la théorie du scattering coulombien multiple. 
Dans le cas d’une particule arrétée le scattering et le parcours fournissent une 
mesure de la masse. 

Ces méthodes de scattering appliquées aux émulsions photographiques 
fournissent des mesures parfois de grande précision. Dans une chambre à 
écrans il y a au maximum de 10 à 15 plaques, ce qui limite la précision sta- 
tistique et le plus souvent pour des particules a trajectoire inclinée il faudra 
se contenter de 4 ou 5 mesures d’angle. Les mesures de scattering dans un 
cas individuel donneront done pfc, avec des erreurs comprises en général entre 


20% et 40%. Par contre, si un phénoméne se répéete identique a tui-meme 
da chambre, on pourra rassembler toutes les mesures en une statistique 


unique et obtenir une précision supérieure. L’exemple le plus simple est celui 
des particules S, en effet ces particules sont définies phénomènologiquement 
par l’émission d’un méson secondaire a la fin de leur parcours. Si on fait l’hypo- 
thèse que toutes ces particules ont la méme masse, on peut la mesurer en 
accumulant toutes les données du scattering dans chaque cas. DA 
La théorie est essentiellement la méme que dans les plaques photographiques; 
il n’y a évidemment pas de problème de Ja cellule la mieux adapito puleime— 
la cellule de mesure est imposée par l’épaisseur des plaques., Quelques parti- 
cularités apparaissent du fait de l’utilisation de ‘Statistiques sur des nombres 
faibles. On trouvera un exposé complet dans les publications de OLBERT [18] ~ 
et de ANNIS, BRIDGE et OLBERT [19]. Nous allons donner ici un exposé trés 
élémentaire. En particulier, on admettra que la loi de distribution des angles 
de scattering est une loi de Gauss. En fait, on sait bien qu’il existe une « queue » 
à la loi de distribution, c’est-à-dire que pour les grands angles la loi diffère 
sérieusement de la loi de Gauss. Ceci est dù au scattering simple, la forme de 
la queue dépend du rayon admis pour la charge électrique du noyau. 
Dans ce qui suit, nous appelons angle de scattering la projection de l’angle 
ue scattering vrai sur un pian: dan par r Ta EEN Ln général ¢ fai sur 


4 


8 x 


précises pour opérer sur DE de alia dans l’espace. Il faut remarquer 
qu’en général la trajectoire ne se trouve pas dans un plan perpendiculaire a 
l’axe optique des objectif, l’angle de scattering projeté ne peut donc étre mesuré 
directement sur le film, il faut faire une correction d’inclinaison en profondeur. 
Soit g l’angle de scattering et f(~)dy la probabilité que cet angle soit 
compris entre g et y+-dy. A l’approximation de la loi de Gauss on a 
gy? 
20° 


] 
fp) = C= exp |— 


. 


e? 
o = Ktm, Pp? Pippe, 


K,= (4ar*N2AG)!,  G= 5,66 + 1,24 logy [(r*A-!4/(1,138?)+ 3,76 (Z/137)?]; 
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C est égal à 1//2x, t est l’épaisseur de matière traversée en gem’, elle est 
égale à Z cos 0, | épaisseur de la plaque, 0 angle de la trajectoire avec la per- 
pendiculaire à la plaque, m, est la masse de l’électron, 7, le rayon classique de 
l’électron, N le nombre d’Avogadro, Z et A sont les nombres de charge et 
de masse du noyaux; g?= i 7 f(~) dp valeur moyenne de la quantité g? est 
égale a 02. Quand on n’utilise pas l’approximation Gaussienne la loi de di- 
stribution s’écrit comme la somme de la loi de Gauss, avec la méme valeur 
de o, plus des termes proportionnels 4 1/G; @? est alors différent de 0?, mais 
gy: est toujours de la forme | 


K,ttm,c*|P . 


5°1. Mesure de P. — Si on avait un très grand nombre de mesures d’angles, 
| il serait évident que la moyenne quadratique s? = (Xy?)/n serait égale a gy? 
et en égalant ce résultat è la valeur théorique de o? on obtiendrait P. 

Si le nombre n d’angles est petit, il faut plutòt poser le probleme de la 
maniére suivante: étant donné s = v(X pi)/n , quelle est la valeur la plus 
probable de P? 

Considérons la quantité 


la probabilité élémentaire de trouver une série d’angles telle que 9, Q2,.--) Pr 
est donnée par le produit des probabilités élementaires 


OW op II di 
(0) exp | 20% “exp — 902 Sie exp 


ad 


Dr 
a da dg, dg; ... dg, , 


la probabilité de trouver y entre y et y+dy s’obtiendra en intégrant sur 
toutes les valeurs de  telles que l’on ait 


CAN? Yes a4 
LQ, == 20 ye 


C’est-a-dire dans un volume de l’espace compris entre deux hypersphères de 
rayon 20y et 20(yx+dy) on trouve alors que la loi de probabilité de y est 
donnée par 


) 


iz *& n—1 7 A 2 5 


(*) On suppose évidemment que tous les angles de scattering correspondent a une 
épaisseur unique traversée. 


Pe" 
. a Ù 4 3 RCS! 1 x 
ME SI È Ù dint SATA loan: ay > 


ta 


la probabilité de trouver la moyenne quadratique des angles de scattering 


comprise entre s e s+ds pour une particule de P donné est done: 


2 (MS) Pr ns? 
P) = — — exp |— — — P2|d: Kets 2 
veer) P(n]2)2"h P| ope P | ds, h= Km. . 


La probabilité que ce soit une particule de pc compris entre P et P+dP est le 


produit de deux probabilités: 1) la probabilité « à priori » qu’il existe une parti- 
cule de pfe compris entre P et P+dP, 2) la probabilité qu’une telle particule 


de P donné ait fourni cette mesure particuliére de s. Dans le cas où tous les P 


sont «à priori» également probables, elle est égale à y(P, s)dsdP; la valeur 
la plus probable P, est done donnée par 0y/0P= 0, on trouve P, =: h/s, qui 
est le résultat attendu. Il est done valable méme si n est petit, 4 condition 
d’admettre que la distribution des angles de scattering est normale et que 
tous les P sont a priori également probables. 

Cette discussion montre également que, pour n petit la, loi de probabilité 
de P n’est pas symétrique autour de la valeur la plus probable, ce n’est que 
pour n grand qu’elle tend vers une loi normale centrée sur la valeur P,. 

Dans le cas des mesures d’une chambre de Wilson, on est done conduit 
en général è donner des valeurs dissymétriques aux erreurs AP+/P*, AP-/P-. 
ANNIS, BRIDGES et OLBERT donnent un tableau de ces erreurs pour différents 
n, AP* et AP-, sont définis par le fait que la probabilité que P soit égal a 


P*4* est égale à e-? fois la valeur maximum de la probabilité (correspondant | 


0 agen 

Remarquons aussi que si on considère la fonction y(P, s) comme la fonction 
de probabilité de s, à P donné, elle est maximum pour s=4/(n—1)/n (h/P) 
et non pour h/P. 


5-2. Mesures de masse. — La relation entre le parcours et la quantité P peut 
s’écrire avec une bonne approximation dans le domaine de parcours généra- 


x 


lement utilisé dans une chambre à plaques 


R P \1/a 
RAPE A, =e ; 
me? me? 


m est la masse de la particule, A, une constante qui dépend de la matière des 
plaques, « = 0,55 pour tous les éléments. Considérons une particule qui tra- 
verse une certaine épaisseur de matiére et supposons pour commencer que 
‘cette épaisseur soit suffisamment faible pour que le moment puisse étre con- 
sidéré comme constant pendant la traversée. La loi de probabilité de Dangle 
de scattering est en remplacant o par sa valeur en fonction de P 


P g?P? 
f(y) ~ 7 exp ca 
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ou encore 
RA (met) o RM 


Tain QnA |? 


si done nous considérons une nouvel’e variable 7 = pk* sa loi de probabi- 
lité est une loi de Gauss (1/0) exp [— 7?/207], dont l’écart standard est o in- 
dépendant du parcours, on a: 

RACES 

Cry (me?)-#’ 


ou plus explicitement 


o= (40r? N22 A-NG)? - (m,c?A2)*(m,/m)*= . 


Done si une particule s’arréte dans la chambre, on pourra pour chaque angle 
de scattering former la quantité 7 et opérer sur elle, comme on a opéré sur 
langle de scattering, c’est-à-dire que en égalant les quantités S= a/( =n?) /n et o 
on obtiendra la masse. 

En fait, spécialement quand on approche de la fin de parcours, on ne peut 
pas considérer que le moment est constant pendant la traversée d’une plaque. 
De toute facon, quand on forme la quantité 7 il faut savoir quel parcours. 
utiliser, puisque celui-ci varie de facon considérable suivant que l’on consi- 
dère la particule à l’entrée ou a la sortie de la plaque. On peut montrer que 
pour toutes les plaques, sauf la dernière (c’est-à-dire celle qui se trouve avant 
la plaque d’arrét ou on ne mesure évidemment aucun angle de scattering), 
la meilleure approximation consiste a prendre pour # le parcours restant au 
milieu de la plaque considérée. 

La dernière plaque est pratiquement inutilisable si on ne connaît pas avec 
précision le parcours dans la plaque d’arrét. Il est en effet évident que si ce 
parcours peut étre n’importe quoi entre 0 et toute l’épaisseur de la plaque, 
on risque d’introduire une erreur très importante. Mais il arrive que l’on 
puisse connaître le parcours avec précision, en particulier quand la particule 
étudiée se désintègre on peut reconstruire l’intersection du primaire et du 
secondaire. On peut dans ce cas-là utiliser l’angle de scattering dans la dernière 
plaque; pour former la quantité 7 correspondante on prendra toujours R depuis. 
le milieu de la plaque jusqu’au point exact de l’arrét, mais on multipliera g 
par un terme correctif. Le terme correctif est donné par 


t 


t 


| dt’ 
J (1+(2t'— 0)/(2R,+4)} 


(t épaisseur traversée dans la plaque, È, parcours dans la plaque d’arrét). 


* 
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La fig. 4 illustre le résultat des mesures de masse effectuées par ANNIS, 
BRIDGE et OLBERT sur des particules arrétées dans la chambre de M.I.T. 

C’est un histogramme dans 
lequel on a porté en abscisse 
la quantité É = (n/(n— 1))!8; 
S*? étant égal a (£7?)/n pour 
chaque mesure individuelle. 
L’intérét de & par rapport a 
S est que la distribution de 
€ a un maximum indépendant 


Fig. 4. — Histogramme des me- 

sures de masse par scattering-par- 

cours sur les particules arrétées EPA pers 
dans une chambre aécrans (M.I.T.). [deaxg-cm?)3°] 


de n, nombre d’angles mesurés dans chaque cas individuel, ce maximum 
ayant lieu pour È =o. Les courbes représentent la distribution théorique 
pour des mésons et des protons. 


IIÈME PARTIE 


1. — Exemples d’application. 


Nous allons donner quelques exemples d’études faites a l’aide d’une chambre 
a écrans. Ces exemples ont été choisis parmi les plus récentes contributions 
à l’étude des particules V, K, etc.. Il fie s’agit absolument pas de résumer ici 
toutes nos connaissances sur ces particules nouvelles, ni méme toutes les études 
faites sur ce sujet à l’aide de chambres a écran. Il s’agit de montrer sur quelques 
exemples concrets comment les qualités de la chambre a écrans, que nous avons 
énumérées dans la partie précédente, lui permettent d’apporter une contribution 
parfois importante 4 l’étude des nouvelles particules. 


2. — Particules A,(V}) [1-4, 11]. 


La fig. 5 représente une particule V photographiée dans la chambre de 
val ed bs 
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Cette particule a été trés probablement produite par l’interaction nucléaire J. 
La. reconstitution dans l’espace fournit les données géométriques suivantes: 


6 angle de la ligne de vol avec le plan du V (angle de coplanarité) 19; 
g, angle de la particule (1) avec la ligne de vol 169; 


gy, angle de la particule (2) avec la ligne de vol 55°. 


La particule (2) traverse une plaque et elle n’apparait pas au-dessous de 
la 2°™° plaque, bien que le prolongement de sa trajectoire soit dans la région 
bien illuminée de la chambre. On en conclut qu’elle s’arréte dans cette plaque. 
On peut faire l’hypothèse que cet arrét est dù uniquement 4 la perte d’énergie 
par ionisation. Il est alors possible de donner deux limites au parcours de la 
particule. Ces limites correspondent aux possibilités extrémes: arrét tout à 
fait en haut ou tout a fait en bas de la plaque. Pour les calculer, il faut évidem- 
ment tenir compte de l’inclinaison de la trajectoire sur la perpendiculaire aux 
plaques. On trouve ainsi que le parcours est compris entre 9,7 g cm-? et 
19,7 gem-*. D’autre part, la particule (2) n’est pas très ionisante au point 
d’émission, elle est donc nettement plus légère qu’un proton. Il est très pro- 
bable que c’est un méson z ou pv. Faisant l’hypothèse que c’est un méson x 
une estimation très prudente de l’ionisation du dernier trongon (I < 5) permet 
de remonter un peu la limite inferiéure du parcours. On a done maintenant 
11< R<19,7gcm-?. Toujours dans Vhypothése que la particule est un 
méson x, son moment est compris entre 107 et 131 MeV/c. 

Si on admet que la particule V s’est décomposée en deux corps seulement, 
l’équilibre des moments transversés permet de dire que le moment de la parti- 
cule (1) est plus grand que 320 MeV/c, mais cette particule s’arréte dans la 
première plaque rencontrée, ce qui donne une limite supérieure du parcours. 
De ces deux données on peut déduire que la masse de (1) est plus grande que 
1150 masses électroniques. En estimant très prudemment que l ionisation 
de (1) est plus que 5 fois le minimum, il est possible d’établir que la masse 
de (1) est supérieure à 1600 m,. 

La particule V est done très probablement un V? (maintenant A,) se dé- 
composant en un proton et un méson x. La connaissance des données géo- 
métriques, du moment du méson (par le parcours), du moment du proton 
(déduit de l’égalité des moments transverses) nous permet de calculer la va- 
leur Q ou plutòt des limites de la valeur Q correspondant aux limites de par- 
cours du méson. On trouve 31< Q< 43. Remarquons qu’il s’agit de limites 
absolues et non d’erreurs standards, car l’incertitude sur les mesures du par- 
cours est très faible. Il existe cependant une autre cause d’erreur: c’est la 
mesure des angles; enfin on ne sait pas du tout quelle est entre les limites la 
valeur la plus probable de Q. 


MP 
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Fig. 5. — Désintégration d’une particule AVI) produite dans une intéraction nucléaire, 
dans une des plaques de la chambre de M.I.T. 
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3. — Résultats généraux. 


3:1. Coplanarité. — Pour savoir si les particules V se décomposent en deux 
ou trois particules, on peut examiner dans chaque cas si Vorigine de la parti- 
cule V se trouve dans le plan défini par les trajectoires des deux secondaires. 
En fait, une conclusion définitive ne peut étre atteinte que par une étude 
systématique des angles de non-coplanarité (définis plus haut). En effet, 
BRUCKNER et THOMPSON (*) ont montré que dans le cas d’une décomposition 
en trois corps langle de non-coplanarité le plus probable était 0°. D’autre 
part, les erreurs de reconstruction feront que l’angle trouvé ne sera pas tou- 
jours 0° dans le cas d’une décomposition en deux corps. Il faut done com- 
parer la distribution observée des angles 6, avec la distribution théorique pour 
une décomposition en trois corps. 

La fig. 6 montre le résultat de cette comparaison, la quantité portée en 
abscisse est non pas 6 mais yBò, yf est le moment réduit, p/mc de la parti- 
cule V. En effet, c’est yfd et non 
ò qui est indépendent de la vi- 
tesse de la particule V. | 

Il y a une certaine incerti- 
tude dans l’estimation de yf, elle 
est dùe au fait qu’il faut le cal- 
culer dans l’hypothèse d’une dé- 
composition en 3 corps. Il y a 
donc deux histogrammes sur la 
fig. 2: en (a) on a pris pour le 
construire la valeur la plus pro- 
bable de yf, en (b) une valeur 
maximum très prudemment esti- 
mée. On voit que méme en (b) et °, 
surtout en (a), le contraste entre !1-s° 
Vhistogramme et les courbes théo- Fig. 6. — Histogramme des angles de non-co- 
riques est assez frappant pour éta-  planarité comparé a la distribution théo- 
blir la coplanarité et, par consé- rique calculéle par THomson et BRUCKNER 


‘ dans Vhypothése de la désintégration en 
b) 7 
quent, rendre vraisemblable I’hy- trois corps des particules A,(V1) (resultats 


pothèse de la décomposition en qu groupe de M.I.T.). Les deux courbes cor- 
deux corps. respondent a différentes hypothéses sur la 


La clarté du résultat semble particule neutre 7° ou V. 
bien étre caractéristique des qua- 
lités de la chambre a écrans. La précision dans uk mesure de 6 provient du fait 
que dans des plaques minces on peut reconstruire sans ambigiité l’interaction 


8 8 
<= Oegrees Degrees 


(*) K. A. BRUECKNER et R. W. Tuompson: Phys. Rev., 87, 390 (1952). 
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nucléaire origine du V. D’autre part les reconstitutions dans l’espace peuvent 
se faire avec précision grace 4 un angle de stéréoscopie de 60°. 


3:2. Valeurs Q. — La fig. 7 représente le résultat des mesures de valeur Q. 
Chaque trait horizontal représente une mesure, l’extrèmité de chaque trait 
correspond aux limites déduites du parcours des particules, l’incertitude sup- 
plémentaire dùe aux mesures d’angle est représentée par le chiffre entre 
parenthèse qui donne la quantité dQ/dg en MeV/degrés. On ne peut évidem- 
ment pas faire la moyenne des résultats puisqu’on ne connait pas dans chaque 
mesure la valeur la plus probable. 
Mais on voit que pour les cas où 
dQ/dp est négligéable, au-dessus du 
trait pointillé, toutes les mesures 
se recoupent dans une région com- 
prise entre 35 et 40 MeV, il y a 
deux limites inférieures 4 37 MeV, 
une limite supérieure 4 37 MeV et 
une à 38 MeV, la meilleure esti- 
mation de @ parait donc étre 
37 MeV avec une erreur qui ne doit 
pas étre supérieure à 2 MeV. Cette 
étude illustre bien certains des 
avantages de la chambre 4 écrans 
énumérés dans la première partie. 
L’exemple nous a montré comment, 
dans certains cas favorables, la 
mesure du parcours pouvait sup- 
pléer au manque de champ magné- 
tique pour la mesure des moments 
10 20 30 40 so so 7oMev et l’identification des particules. 


Fig. 7. — Graphique des valeurs @ obtenues Deus di déjà parlé Bee SVI 
pour les particules AS avec une chambre tages mis a profit dans l’étude de 
à plaques (M.I.T.). la coplanarité. Le résultat des va- 
leurs @, nous montre que la pré- 

cision obtenue peut se comparer à celle des chambres magnétiques. 

On peut aussi voir les faiblesses. Sans la connaissance préalable obtenue 
dans les chambres magnétiques des différents types de particule V, cette étude 
eut été beaucoup plus difficile. Il eut été en particulier impossible de savoir 
que la particule lourde de désintégration du A, était toujours positive. 
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Fig. 8. — Photographie d’un évenement $ caractéristique (M.I.T.). 
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4. — Particules K (phénoméne $S) [5-9, 11]. 


La fig. 8 représente un évènement S caractéristique, une particule entre 
en A dans la chambre et s’arréte en S. L’ionisation et le scattering montrent 
clairement que cette particule n’est par un méson x ou yp, l’aspect de sa 
trajectoire est plutòt celui d’un proton. Cependant, au point où elle s’est 

_ arrétée sort une particule SB, qui traverse quatre plaques de plomb. Ce secon- 
daire n’est donc pas un électron, il est probable que c’est un méson x ou u. 
La particule primaire n’est donc ni un proton ni un méson ordinaire, mais 
une nouvelle particule instable qui se décompose en émettant un méson 7 
ou uw. Des particules analogues ont été observées dans les émulsions photogra- 
phiques, il a été décidé à la conférence de Bagnères de leur donner le nom de 
particules K, quel que soit l’instrument d’observation. 

Nous allons voir les renseignements que la chambre à écrans est capable 
de fournir sur les particules K (résultats du groupe de M.I.T.). 


5. — Masse du primaiie. 


La fig. 9 donne un histogramme des mesures de masse obtenues par la 
méthode scattering-parcours. La présentation des résultats est celle décrite 
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Fig. 9. — Histogramme des mesures de masse par « scattering-parcours » pour les 

particules arrétées dans une chambre a plaques et émettant un secondaire a la fin 

de leur parcours (M.I.T.). O Le produit de décomposition s’arréte dans la premiére 

plaque ou se multiplie. Le produit de décomposition abandonne la région illu- 

minée aprés avoir traversé une plaque. @ Le produit de décomposition traverse 
deux ou plusieurs plaques. 
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dans la 1°%° partie. La quantité portée en abscisse est: 


| ) gi | 2k 
Vi = 


n=] 1 


n nombre d’angles mésurés dans chaque détermination individuelle de la masse, 
gy, angle de scattering, È, parcours restant. La quantité à toujours la méme 
valeur la plus probable quel que 
soit n, et cette valeur dépend uni- 
quement de la masse. 

La fig. 10 montre nettement la 
différence entre les mésons 7 ou wu 


Impulsion MeV/c 
[©] [e] 


o to] 
* w 


200 
800 


(carrés blanes) et les particules K 
(carrés noirs). Les mésons m ou w 
Ri sont caractérisés par le fait que 


sa leur secondaire est incapable de tra- 


20854 verser plus d’une plaque de plomb, 


25178 4 ry Maya i 
et les mésons K par le criterium 
26049 


Se opposé. On voit par comparaison 


27508 
29428 


46796 


ae Fig. 10. - Mesures du moment des se. 


condaires d’évenement S. Les limites 
absolues obtenues par mesure du par- 
cours sont indiquées par les traits 
verticaux. Le point indique la va- 
leur la plus probable otbenue par me- 
sure du scattering avec des erreurs 
statistiques indiquées par des fléches. 


56409 
61641 
64888 
65479 
66672 
70557 
Test Roli*2 


avec les distributions théoriques que les particules K ont une masse 
intermédiaire entre celle du proton et celle des mésons 7 ou p. Enfin, en 
faisant l’hypothèse que toutes les particules K ont la méme masse, on peut ras- 
sembler toutes les mesures en une statistique unique. La valeur la plus pro- 


bable de la masse trouvée ainsi est: 1200 m, ‘570. 


6. — Moment du secondaire. 


On peut mesurer le moment du secondaire, en utilisant soit le parcours 
soit le scattering. Le parcours fournit une mesure très précise, mais seulement 
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si le secondaire s’arréte, toutefois il donne toujours une limite inférieure du 
moment. De plus, il faut faire une hypothèse sur la masse, mais cela n’a pas 
beaucoup d’importance parce que le choix est pratiquement limité à la masse 
du méson ou a celle du yu. 

La fig. 10 donne le résultat des mesures sur 20 secondaires de particules K 
dans l’hypothése d’un méson x secondaire. Sur chaque mesure les barres ver- 


ticales correspondent aux limites déduites du parcours, le point est le moment 


le plus probable fourni par le scattering et les flèches les erreurs statistiques 
sur cette mesure. 3 

Cette figure illustre bien l’intérét des deux méthodes: le scattering fournit 
dans tous les cas une mesure, peu précise sans doute, mais qui est souvent 
mieux qu’une simple estimation d’ordre ‘de grandeur. 

Pour 8; et S,, le secondaire s’arrétait dans la chambre et on voit avec 
quelle précision le moment est alors déterminé. Dand ces'deux cas, le moment 
du secondaire était le méme, mais pour les secondaires marqués 26553 et 
«test roll » la limite inférieure du moment est plus grande que la limite supé- 
rieure de S,, ceci suffit a prouver que tous les secondaires des particules K 
n’ont pas le méme moment. Bien que cette différence n’excède pas 25 MeV, 
cette conclusion est très sùre car elle résulte dune différence de parcours 
19 gem_?, c’est-à-dire plus que l’épaisseur de deux plaques. Il est a peu près 
impossible de faire une erreur aussi grande. Pouvoir affirmer que deux parti- 
cules ont des. moments différents, alors que les mesures ne diffèrent que de 
10%, est un fait assez rare dans l’étude des rayons cosmiques pour qu’il suffise 
à illustrer l’intérét des chambres à écrans et plus particuliérement des mesures 
de parcours. D’autre part, les mesures de scattering montrent que la plupart 
des secondaires de particules K ont des moments tels que leur parcours ne 
devrait pas excéder 100 g cm-? de Pb. Ceci montre qu’une étude systéma- 
tique et précise de ces moments est à la portée d’une chambre disposant d’un 
pouvoir d’arrét élevé. 


-7..- Nature des secondaires. 


La chambre à écrans ne peut différencier les mésons 7 des mésons u par 
des mesures de masse, et en ceci elle est inférieure a l’émulsion photographique; 
mais elle peut étudier les interactions nucléaires des secondaires de K avec 
la matière. Pour l’instant plusieurs libres parcours moyens géométriques d’in- 
teraction ont été traversés et aucune réaction nucléaire n’a été observée. Ceci 
tend plutòt à favoriser l’hypothèse qu’une partie au moins des secondaires 
sont des mésons u. Toute conclusion basée sur une observation négative est 
difficile, car on peut étre le jouet d’une fluctuation, et de plus on ne sait pas 
si les interactions nucléaires de particules de faible énergie sont faciles à dé- 
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tecter. Par contre, l’observation d’une interaction nucléaire indubitable per- 
mettrait d’affirmer l’existence de mésons 7 parmi les secondaires. 


8. — Nature de la (ou des) particule neutre. 


Une ou plusieurs particules neutres sont émises dans un évènement S. 
Il s’agit d’en déterminer la nature. Ici la chambre à écrans se trouve dans une 
position très favorable par rapport aux autres instruments d’études. En 
effet, elle offre a cette particule neutre plus de matière pour se manifester 
par interaction, plus d’espace pour se décomposersen vol si elle est instable. 
De plus, comme toute chambre de Wilson, elle permet d’affirmer la coinci- 
dence temporelle de deux phénomènes (a 1/10°™° de seconde près). 

Pendant un certain temps, on avait pensé qu’il existait une seule parti- 
cule neutre du type méson (V3), cette particule se décompose avec une vie 
moyenne de l’ordre de 10-!° s. Or, en explorant les photographies d’évène- 
ments S dans la direction opposée a celle du secondaire chargé, on ne trouve 
aucune désintégration V, alors que la distance explorée correspond à un temps 
propre de 10-*s (dans le système de référence de la particule neutre). Cette 
hypothèse a donc été abandonnée. 

On pouvait penser que la particule neutre était un méson 7 ou un photon. 
Dans ces deux cas on devrait observer des matérialisations de photons dans 
les plaques de plomb. On peut rechercher les électrons de matérialisation. 
Dans le cas d’un photon unique ils devront se trouver sur la ligne droite 
opposée à la direction du secondaire chargé, ou dans un certain cone autour 
de cette ligne droite si le secondaire neutre est un méson 7°. 

Le résultat actuel est que 4 photons ont été ainsi identifiés, ils avaient 
été émis dans. la direction opposée 4 celle du secondaire à 5° près dans deux 
cas, et à 15° dans les deux autres. La conclusion est que dans certains cas il 
y a sùrement un photon émis, mais s’il était toujours émis dans des conditions 
assez semblables a celles des photons observés (à peu près méme direction et 
méme énergie) il aurait dù étre détecté beaucoup plus souvent. 


9. — Vie moyenne. 


La chambre 4 écrans a été jusqu’ici le seul instrument à pouvoir donner 
une indication sur la vie moyenne des particules K. En effet, le temps vécu 
par une particule qui s’arréte dans une plaque photographique est trés court, 
ce mode de détection ne fournit done qu’une limite inférieure trés basse. Dans 
la chambre magnétique on détecte les particules K sous la forme de V chargés, 
mais si la vie moyenne est trop longue (ce qui est le cas), ces désintégrations 
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en vol sont réparties uniformément dans la chambre et on n’a, une fois de 
plus, qu’une limite inférieure. Par contre, dans la chambre à écrans on peut 
comparer le nombre de désintégrations en vols (événements V) aux arréts 
avant désintégration (évènements S). Ceci permet de mesurer des vies moyennes, 
allant de 10-*s à 1078s et, méme un peu au-delà. 


10. — Utilisation combinée d’une chambre magnétique et d’une chambre è 
éerans [10, 11]. 


BRODE et FRETTER ont employé pour la mesure de masse du méson la 
combinaison d’une chambre magnétique mesurant le moment d’une particule 
qui s’arréte, dans une chambre a écrans, placée en dessous. Cette mesure si- 
multanée du moment et du parcours fournit la masse. 

Le groupe de l’École Polytechnique a réalisé au Pic-du-Midi une instal- 
lation semblable en son principe, mais spécifiquement prévue pour l’étude des 
gerbes pénétrantes. Elle est représentée schématique- 
ment sur la fig. 11, la z6ne utile de la chambre du 
haut mesure 66 x 62 x30 cm, celle de la chambre du 
bas 66x62 x40 cm. La chambre du haut est placée 
dans un champ magnétique de 2600 gauss fourni 
par des bobines sans fer. La distance de séparation 
sur laquelle les particules sont invisibles est de 40 cm. 
La chambre du bas contenait des écrans de plomb 
et de carbone alternés représentant un pouvoir 
d’arrét équivalent 4 96 gem-? de plomb, elle con- 
tient maintenant 15 plaques de cuivre avec un pou- 
voir d’arrét équivalent a 170 g cem-? de plomb. Les 
chambres sont déclanchées par un détecteur de ger- 
bes pénétrantes placé au-dessus de la chambre ma- 
gnétique; on exige qu’une particule au moins entre 
dans la chambre du bas. i, DI 3 

: 7 Fig. 11. — Vue schéma- 

L’intérét d’un tel appareil pour l’étude des se- RR ana 
condaires de gerbes pénétrantes est évident. Avant du groupe de l'École 
tout, il sert è mesurer la masse de ces particules par = Polytechnique au Pic- 
la méthode parcours-moment, il suffit pour cela que du- Midi de Bigorre. 
la vie moyenne ne soit pas inférieure à quelques 
10-? s. (Si on n’opérait pas sur les gerbes pénétrantes mais sur les rayons co- 
smiques en général on n’observerait que les mésons 4 de vie moyenne 107° 8). 
Dans ces mesures on connaîtra le signe de la particule, ce qui n’est pas le 
cas de la chambre à. écrans. De plus, on peut mesurer les libres parcours 
moyens d’interaction des secondaires de particules V chargées ou neutres 
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détectées dans la chambre du haut. On peut méme mesurer leurs masses 
en cas d’arrét. Enfin, il est possible d’étudier les interactions nucléaires. pro- 
duites dans la chambre du bas par des particules de moment connu. 

Ici encore, il faut noter que l’appareil ne sera rentable que s’il est de taille 
suffisante. De toute facon nous avons déjà vu que, pour l’étude des inter- 
actions nucléaires et des secondaires de méson K, il y avait intérét a faire 
la chambre a écrans aussi grande que possible. Considérons d’autre part 
la collaboration entre les deux chambres. . Pour que cette collaboration 
existe il faut essentiellement qu’un secondaire de gerbe pénétrante, pro- 
duit au-dessus de la chambre du haut, entre dans la chambre du bas et puisse 
y traverser le plus de matière possible afin d’augmenter les chances d’inter- 
action ou d’arrét. En gros, on peut donc dire che le rendement de l’appa- 
reil est directement proportionnel: 1) à l’angle solide 2 moyen sous lequel 
est vue la chambre a éerans depuis le haut de la chambre magnétique, 2) a 
l’épaisseur totale R de matière de la chambre a écrans (sous réserve évidem- 
ment que chaque plaque ne soit pas individuellement trop épaisse). L’effi- 
cacité de l’appareil sera mesurée par le produit de ces deux quantités. 

Dans le cas de l’installation du Pic-du-Midi, on a: Q— 0,14 ster, QR ~ 

~~ 13 ster gcm-? pour l’ancien système de plaques, et QR ~ 24 ster g cem7® 
pour le nouveau. 

Tout ceci suppose évidemment que le nombre de gerbes pénétrantes enre- 
gistrées par heure est pratiquement indépendant de la taille des chambres, 
ce qui est — en gros — vrai, comme l’a expliqué le Prof. BLACKETT dans une 
de ses conférences. 

Ces considérations peuvent étres confirmés par la comparaison entre deux 
appareils du méme type. En 1950, encore que parfaitement conscient du role 
joué par la taille, nous avons fait fonctionner un appareil semblable a celui 
du Pic. Il s’agissait d’une chambre unique séparée en deux par un train de 
compteurs. La partie supérieure opérait en chambre magnétique, la partie 
inférieure en chambre a écrans. Elle était déclanchée par un détecteur de 
gerbes pénétrantes placé au-dessus, une particule au moins devant passer dans 
les compteurs entre les deux compartiments. Les conditions étaient donc très 
semblables a celles de l’appareil actuel. 

Malheureusement, la géométrie de la chambre dont nous disposions ne 
donnait pour QR que la valeur 1,8. En 5000 photographies, nous n’avon en- 
registré que l’arrét d’un assez grand nombre de protons et de quelques mé- 
sons x (la proportion de mésons était d’ailleurs réduite par le cut-off magné- 
tique). Comme il existait de meilleures méthodes de mesure de masse du 
méson x et «aussi du proton », l’expérience n’eut d’autre utilité que de pousser 
aux grandes dimensions pour l’appareil du Pic. Comme avec QR=13, celui-ci 
a donné 7 mesures de masse de méson K en 8000 photographies, on peut 
dire — non sans quelque ironie — qu’il y a un bon accord entre les expériences. 
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Comme exemple des résultats obtenus par cette installation de 1’École 
Polytechnique, nous donnons simplement un tableau (fig. 12) de la mesure de 
masses de six particules K 
(événement S) comparée a des. 
mesures sur des protons. On 
voit que le pouvoir séparateur 
de l’instrument est bon, les 
masses obtenues sont assez dit- 
férentes du résultat obtenu par 
le groupe de M.I.T., parla mé- 
thode de scattering-parcours, 
mais elles sont en accord avec 500 1000 1500 2000 
certaines des mesures de par- Fig. 12. — Résultats des mesures de masse par 
moment-parcours sur les particules K ayant. 
donné un évenement S dans la chambre a 
écrans du Pic- du- Midi. Les mesures effec- tuées. 
a également donné des résul- sur des protons sont données à titre de compa- 
tats dans la mesure des libres raison (Groupe de l’Ecole Polytechnique). 
parcours d’interaction des. se- 
condaires des particules 9°, V° et V chargés. 

Par tous ces exemples, nous pensons avoir montré que, soit seule, soit en 
collaboration avec la chambre magnétique, la chambre à éerans est un instru- 
ment de tout premier ordre pour la découverte et l’étude des particules nou- 
velles. Il ne faut pas oublier le ròle important qu’elle a joué dans l’étude des 
gerbes pénétrantes en général. En particulier, dans l’étude de la composante 
électronique associée à ces gerbes. 


ticules K dans les émulsions 
photographiques. Cet avpareil 
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The Use of the High Pressure Cloud Chamber 
in Cosmic Ray Investigations. 


E. H. S. BuRHOP 


University College - London 


Although the possibility of high pressure operation of cloud chambers has 
been realised for many years it is only recently that their systematic applic- 
ation to the investigation of the cosmic radiation has been attempted. This 
is perhaps rather surprising since the high pressure chamber helps to bridge 
the gap between the more conventional atmospheric pressure cloud chamber 
and the photographic emulsion. The density of the matter in the former 
(with argon filling) is 0.0018 g cm-?, in the nuclear emulsion it is 4 g em-3, 
while in a chamber operated at a pressure of 100 atmospheres argon the den- 
sity is 0.18 gcem-*. In the high pressure cloud chamber described below 
the diameter is 22.5 cm and the energy loss of a fast particle traversing the 
chamber is equivalent to that experienced in traversing 1 cm of a photographic 
emulsion. 


1. — Advantages and limitations of the high pressure chamber. 


1-1. Filling material. — As compared with the nuclear emulsion the high 
pressure cloud chamber possesses the advantage of comparative homogeneity 
of maverial. For example if alcohol is used as a condensant for the operation 
of the chamber in argon the amount of alcohol required represents an impurity 
of only one part in 1000 by weight. The filling material is of comparatively 
low Z, however. It would be convenient to be able to operate the chamber 
in a heavy gas such as xenon, but the cost of a single filling of one of the Uni- 
versity College chambers at a pressure of 100 atmospheres would then amount 
to 25 million lira. 


1:2. Comparison with multiplate cloud chamber. — The great potentialities 
of multiplate cloud chambers in cosmic ray investigations have been stressed 
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recently. With such chambers superficial matter densities of 50 gem-? have 
been obtained compared with 4 gcm~ for the pressure chambers described 
here. On the other hand the problem of increasing the size of the high pres- 
sure chamber has not yet been attempted very seriously and there are no inhe- 
rent reasons why much larger pressure chambers should not be built. 

In contrast.to the multiplate chamber it is possible with the pressure chamber 
to see complete details of any interaction or decay process since they occur 
in the gas of the chamber and not in a metal plate. Further it is more practic- 
able to use a magnetic field for momentum determinations although the in- 
fluence of multiple scattering on such measurements has to be considered. 


1:3. Features peculiar to the operation of high pressure cloud chambers. — The 
high pressure cloud chamber is distinguished by the tollowing operational 
features. 

a) The expansion time is comparatively long owing to the large mass 
of gas required to pass through the fast expansion valve. In the chambers 
recently constructed in London this time is about 0.25 s while in the older 
Aberystwyth chamber it may be even longer. 

b) The tracks take a comparatively long time to build up owing to the 
slow vapour diffusion rate at bigh pressures. This build up time is of the 
order of 0.2 s. 

c) The sensitive time is long since owing to its large heat capacity the 
chamber remains supersaturated for a much longer time than is usual for 
atmospheric pressure chambers. 

d) The presse chamber has a long recycling time owing to the large 
heat capacity of the gas and the greater difficulty of vapour diffusion at the 
increased pressure. With the chambers described here the recycling time is 
of the order of 15 minutes. 


e) The expansion ratio decreases with increase of chamber pressure. 


Both a) and b) tend to make counter-controlled tracks rather broad in a 
_ pressure chamber, but on the other hand the reduced diffusion rate at high 
pressures itself tends to reduce the track width. Random tracks or tracks 
produced by particles from artificial sources that can be made to enter the 
cloud chamber after the expansion are not however affected by the long expansion 
time. The long sensitive time is an advantage when random tracks are being 
photographed. 


1:4. Features of the tracks obtained with a high pressure cloud chamber. — 
With the high pressure cloud chamber even minimum ionization tracks are 
practically continuous. Thence there seems no possibility of measuring spe- 
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cific ionization by droplet counting. On the other hand as is discussed below, 
it may be possible to develop alternative methods of studying this quantity. 

Owing to the high gas pressure even tracks of penetrating particles may 
undergo appreciable multiple scattering. This property can be used to de- 
termined the product pf for the particles causing the tracks, as discussed below. 
On the other hand it makes it difficult to be certain that distortion is absent 
in the chamber. One might expect less distortion in a pressure chamber than 
in a multiplate chamber because (i) the expansion ratio is smaller and (ii) the 
presence of the plates sometimes increases the distortion. However it will 
be seen below that bad distortion is sometimes present and the difficulty of 
prescribing objective tests for its presence in all cases constitutes an important 
disadvantage of the high pressure chamber. 


2. — Description of the High Pressure Cloud Chambers and their Operation. 


The chambers described below are based on a design of the late Professor 
E. J. WILLIAMS. The first chamber was built about 1940 and has been ope- 
rated since the end of the war at the Physics Department, University College, 
Aberystwyth by Dr. G. R. Evans who has introduced many improvements 
to the original design ('). 

The construction of two further chambers was commenced at University 
College London in 1951 on the initiative of Professor H. S. W. Massey. The 
detailed design of these chambers which embodied many novel features was 
carried out by Mr. H. TomirNson who has also been responsible for their 
initial operation. One of the U.C.L. chambers has been operated alongside 
the synchro-cyclotron at the Atomic Energy Research Establishment, Harwell 
for the past six months by Messrs. BANFORD, DUNCANSON, GRIFFITH, HARTNELL- 
BEAVIS, TOMLINSON and WILLIAMS. 

It is intended to operate the second chamber at mountain altitude when 
Helmholtz coils producing a magnetic field of 7000 gauss have been constructed. 
In the meantime the Aberystwyth chamber has been installed at the Uni- 
versity of Padua Cosmic Ray Research Laboratory on La Marmolada in the 
Dolomites and preliminary experience of the operation of these chambers 
is being accumulated by a joint team of workers from University College, 
London and the University of Edinburgh to where Dr. EVANS has now trans- 
ferred. This has been made possible owiug to the courtesy and generosity 
of Professor RosTAGNI and Dr. Lorta of the University of Padua. 


(1) See for example Evans and GrirritH (1950), Evans, GRIFFITH, Evans and 
MuLLER (1951). 
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A detailed description of the design and operation of these chambers is 
at present being written by Dr. EVANS and Mr. TOMLINSON. I am greatly 
indebted to them for allowing me to describe briefly these chambers prior to 

their more detailed account of them. I am 
ERA i also indebted to Drs. T. C. GrIFFITH and 
i N. Morris for making available to me 
their experience of the operation of these 
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photographed is 15 cm. The illumination 

is provided through three similar glass 

windows £, 5 cm in diameter and 2.5 cm 
| thick, by linear photo-flash tubes. 

The expansion is provided by means of a rubber diaphragm G@ which ope- 
rates between the brass plates H, I, each perforated by 700 regularly space 
holes 1/16” diameter. Adjustment of the expansion ratio from outside the 
chamber is provided by the handle J which provides a smooth axial motion 
of the back plate, the position of which limits the backward motion of the rubber 
diaphragm. 

The pressure seals between the glass windows and the steel chamber walls 
are made of rubber O-rings arranged so that the internal pressure forces the 


Fig. 1. — Schematic drawing of 
the high pressure chamber. 


rubber more firmly into the space between the sides of the windows and the 


body of the chamber. The clearing field electrodes (M, N) consist of loops 
of copper wire 1/8” diameter, the leads for which are brought in through the 
chamber walls. Gas and vapour can be introduced through another opening 
in the chamber wall, the rate of entry being controlled by a needle valve. 


The volume of the upper part CC of the chamber is 26 litres and about 3 cm* 


of alcohol is more than sufficient to produce saturation. 

Initially gas is pumped into the back chamber BC sufficient to force the 
rubber diaphragm G against the perforated plate H. 

The expansion is effected by a sudden expansion of the gas in the back 
chamber BC. This causes G to be pushed back suddenly against the back 
diaphragm I. 


2:1. Design of the London chamber. 


re Fig. 1 shows a simplified, sectional, 
Zico lnsongack AV, drawing of the cloud chamber built at 
ig lana CI. University College, London. The main 
an My L body of the chamber is of stainless steel, 
a an I the walls being 5 em thick and the in- 
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The cloud chamber is designed to operate at a pressure of 100 atmospheres 
but so far has been usually operated at about 80 atmospheres. Typical pres- 
sures in atmospheres in the cloud chamber and back chamber before and after 
expansion are 


Cloud chamber Back chamber 
eBelore: expansion. at i. oe so 78 80 


Immediately after expansion. . . 71 66 


The maximum and minimum pressures required in the back chamber are 
regulated by valves which make possible the completely automatic operation 
of the chamber. Care has to be taken to reduce the impedance of the fast 
expansion valve and of the tube connecting the back chamber to the third 
volume in order to reduce the time of expansion. 

The camera contains two Dalmeyer lenses of focal length 35 mm and 
operating with a stereoscopic angle of 15°. When operated at an aperture 


of f/11 the depth of focus is approximately 10 cm. Figs. 2 and 3, show photo- 


graphs of one of the UCL chambers together with its associated apparatus. 


2:2. The operation of the chamber. 


a) Expansion ratio. At a pressure of 80 atmospheres of argon at a 
temperature of 18 °C using ethylalcohol as condensant the expansion ratio is 
between 1.05 and 1.06 and is rather critical. A change of about 0.01 in this 
ratio covers the whole range between ion limit (no tracks) and general cloud. 
The best tracks seem to be obtained with the chamber operating at about 
0.001 below the general cloud limit. A useful test of expansion ratio is pro- 
vided if old tracks (not counter-controlled) are present in the pictures. These 
will show separation in the clearing field. In alcohol, condensation occurs 
most readily on the positive ions. If both components of field separated tracks 
are about equally dense the expansion ratio is probably about right. 


With the Aberystwyth chamber the water cooling is not very efficient: 


and the expansion ratio tends to vary with conditions of external temperature. 


This renders completely automatic operation difficult. In the London chambers. 


however two water cooling ducts are provided in the main body of the chamber 
on either side of the median plane while there is a third duct in the back section 
of the cloud chamber near the back diaphragm I (fig. 1). This more efficient 
water cooling enables long operation without adjustment of the expansion ratio. 


b) Clearing field. Clearing potentials up to 2000 V are applied across 
the chamber. High clearing fields are rather necessary because of the low dif- 
fusion rate of the ions from old tracks at the high pressure. Assuming a 
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mobility of 2 cm/s/V/em for argon ions in argon at atmospheric pressure which 
corresponds to the measured value for unclustered A+ ions in argon at 18 °C 
(see MASSEY and BURHOP (1952), p. 409) one obtains at a pressure of 100 atmo- 
spheres with 2000 V across the chamber a mean velocity of ions in the field 
of approximately 2.8 cm/s (?). The separation of old tracks in the clearing 
field can thus be used to make a rough estimate of the age of the tracks. 


c) Recycling time. This is comparatively long and constitutes one of 
the major disadvantages of the high pressure cloud chamber. A waiting time 
of 8-10 minutes appears to be the minimum time required to reach tempe- 
rature equilibrium and uniform vapour distribution after the last clearing 
expansion. Allowing for two or more clearing expansion after a fast expansion 
it appears that the minimum recycling time can hardly be reduced below 
about 15 minutes. 


d) Distortion. As already pointed out it is difficult to obtain an objective 
criterion that enables multiple scattering to be distinguished from distortion 
in a high pressure cloud chamber. If a number of tracks pass near the same 
region of the chamber and show deflections which have the same qualitative 
appearance it is clear that distortion must be present but in other cases it is 
difficult to be sure. 

Distortions near the walls of the chamber occur fairly frequently with the 


Aberystwyth chamber where the cooling is not very efficient. These are clearly — 


due to temperature irregularities. Occasionally however bad distortion is 
observed in tracks passing right across the chamber even when a very long 
time (90 minutes) has elapsed since a previous expansion. The cause -of 
distortion in such a case is not clear. 

Plates I-IV show some typical photographs obtained with the high pressure 


cloud chamber in operation both alongside the Harwell synchrocyclotron and: 


at an altitude of 2020 metres on Marmolada. 


3. — Identification of particles in high pressure cloud chamber photographs. 


The problem of particle identification with the high pressure cloud chamber 
is quite different in many respects from that met with in conventional cloud 
chambers. Some methods such as drop counting appear to be of little value 
with the high pressure chamber. Other methods such as track width and 


(2) The corresponding diffusion coefficient D is 0.05 cm?/s at atmospheric pressure. 
If the ions are clustered the mobility would be reduced. The nature of the negative 
ion is somewhat uncertain in the case of argon. 


+ dre” 


Fig. 2. — General view of cloud chamber with associated gear. A, Control circuitry. 
B, Cloud chamber on trolley with pressure gauges. OC, High pressure pump. 


Fig. 3. — Side view of high pressure cloud chamber, E, and back expansion volume D. 
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Plate I. — Tracks of 
150 MeV protons from 
the synchrocyclotron of 
the Atomic Energy Re- 
search Establishment, 
Harwell, passing through 
the chamber containing 
hydrogen at 70 atmo- 
spheres pressure. A typi- 
cal p-p collision is shown. 


Plate II. — Two pene- 
trating particles (a and b) 
undergo large deflections 
in gas of the chamber. 
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Plate III. — A penetrat- 

ing particle produces a 

two prong star in gas of 
the chamber. 


Plate IV. — A four- 

prong star associated 

with a penetrating 
shower. 


Plate V. — V° decay. 
(a, b) 


Plate VI.— A high energy 
trident produced in the 
gas of the chamber 


(yen Cn: Onze), 


Plates II-VI were taken at the University of Padua Cosmic Ray Laboratory on La 
Marmolada (height 2020 metres). Note the greater thickness of these counter controlled 
tracks compared with the tracks in Plate I which were introduced after the expansion. 
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multiple scattering appear of value however. Little systematic work on track 
identification with the high pressure chamber has so far been carried out how- 
ever so that the following discussion represents only a summary of methods 
that appear possible in principle. 


3-1. Range of particles stopped in the gas of the chamber. — Owing to the 
high gas pressure the range of particles stopping in the chamber forms a more 
frequently applicable method of identification and measurement than is the 
case for the atmospheric pressure chamber. Table I gives the energies of 
particles just stopped in crossing a diameter of a chamber containing argon 
at a pressure of 100 atmospheres. 


TABLE I. — Energy of particles just stopped in crossing a diameter (22.5 cm) of the pressure 
chamber filled with argon at a pressure of 100 atmospheres. 


Particle Energy (MeV) | 
| | | 
| electron 8.5 | 
u-meson | 25 | 
| m-meson | 28 | 

x-meson | 50 

proton 66 


3:2. Track width measurements. - When reprojected back into object space 
the width of counter-controlled tracks is of the order of 1 mm. This is con- 
sistent with the value to be expected assuming a diffusion coefficient of argon 
ions in argon of 0.05 cm? s-! at atmospheric pressure (see above). 

If N, is the number of ions per unit length produced along a track the 
ionization density I(x) at distance x from the track centre after diffusion has 
occurred for time ¢ is given by 


(1) i I(a) = (4nDt)- “N, exp [— x2/4 Dt] . 
The 90% breadth of image, X, is given by 
X = 4.68 (Dt)* em. 


Using t= 0.5 s as is the case for counter controlled tracks in the London 
chamber, D =5-10-! em? s~' (for argon at 100 atmospheres pressure) (*) 


X= 0.74 mm. 


(3) This value refers to A+ ions in argon. Since for part of the time drop formation 
is occurring the effective value of D should probably be less than this. 


23 - Supplemento al Nuovo Cimento. 


> a ' irs vs 


350 i i E. H. S. BURHOP 


If t= 0.88 as is the case for counter controlled tracks in the Aberystwyth 
chamber, X= 0.94 mm. 

The drop density at the centre of the track is clearly a measure of the 
specific ionization. The photographic density at the centre of the track how- 
ever may not correspond to the drop density there because owing to the high 
density one drop may be obscured by another. A more useful measure of the 
specific ionization is provided by the apparent width of the track, defined 
as the distance w between two points at which the photographic density d 
has some value do. i 

Assume the photographic density d = log kI(x), where k is a constant 
depending on the intensity of illumination, size of drops, ete. Suppose two 
tracks, both counter controlled and thus of the same age have specific ioniz- 
ations I,, I, and widths w,, ws. 

Then 


dy = log {k1,/(4xDt)#} — w%/16Dt = log {kI,/(txDt)"} — w/16 Dt, 
so that 
(2) T/T, = exp [(wî — w3)/16Dt] 


a relation given by VALLEY and VITALE (1950). 


The application of this method requires a knowledge of D which is not . 


well known for A ions in A under cloud 
chamber conditions. It is proposed to mea- 
sure D however by passing protons of known 
energy through the chamber at different 
known times before photographing their 
tracks. 

Owing to the dependence of the apparent 
width defined as above on the light intensity 
at different parts of the chamber, there are 
o le 14 16 nme difficulties associated with using width mea- 

Width of track (taking width of minimum ionization track =\mm) 

surements to compare the specific ionization 
Fig. 4. — Relation between track —of tracks over an extended region of the 
width and specific ionization for , 
celo chamber. It should prove useful however 
spheres pressure (assuming D = for comparing the specific ionization of dif- 
= 5-10-* cm?/s) (diffusion time ferent particles associated with a star in the 

0.8 s). gas, a deflection, or a decay. 

Assuming the width of a minimum io- 
nization track is 1 mm and D = 5-:10-4cm? s-, (t= 0.88) fig. 4 shows the 
dependence on track width of the specific ionization (expressed as a ratio to 
minimum specific ionization). 
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Track width measurements enable information to be obtained about the 
velocity 6 of the particle producing the track. 


33. Delta ray measurements. — The number N,(Z) per cm path of d-rays . 
with kinetic energy greater than # is given closely by the Rutherford formula 
provided £ is sufficiently small. 


(3) viz. N;(E)= 2are*ZNme*|B°E , 


where N is number of atoms per cm? of gas in the chamber, 
Z the atomic number of the material in which collisions occur, 
2 the charge carried by the incident particle, 
to, is the classical electron radius (2.8-10-13 em), 
bis the velocity of the incident particle. 


For a cloud chamber containing argon at a pressure of 100 atmospheres 
an electron of energy 0.04 MeV has a range of 0.5 mm. Since the width of 
counter controlled tracks is approximately 1 mm it seems reasonable to take 
0.04 MeV as the minimum $-ray energy that could just be detected. Under 
these conditions we have N;= 0.32/? i.e. for minimum ionization tracks 
one would expect to observe about one d-ray in each 3 em of track, which is 
consistent with the value obtained from a preliminary examination of minimum 
ionization tracks. It is planned however to determine the constant C in the 
expression 


(4) N= 


by counting the number of $-rays produced by particles of known velocity 
passing through the chamber. 

In applying (4) it has to be remembered that if the velocity of the incident 
particle is too low no $-rays will be produced with energy sufficiently large 
to be seen. The maximum kinetic energy of 5-rays produced by particles 
of velocity £ is given by 


(5) 2me?p?/(1 — B?) . 


The minimum velocity 6 required to produce a d-ray of energy 0.040 MeV 
is B=0.19. It should be possible to use 5-ray counts as a means of deter- 
mining particle velocity for kinetic energies greater than 1.7 MeV for p-mesons, 
8.0 MeV for x-meson and 17 MeV for protons. 


3:4. Dynamics of collision processes. — Quite a high proportion (perhaps 
10 per cent) of tracks crossing the pressure chamber have a knock-on electron 
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of a suitable range in a good position for measurements. Estimation of the 
energy of the knock-on electron from the range makes it possible to determine 
the velocity of the incident particle, 6 from the relation 


_ pe sec 6 
(6) #7; e + me?’ 


where p, e, m are respectively the momentum, total energy, and mass of the 
knock-on electron and 6’ its angle of ejection. . This relation holds provided 
E >mce? where £ is the total energy of the incident particle. 

If in addition the angle of scattering 0 of the incident particle could be 
determined its mass M could be deduced uniquely from the approximate 
relation 
ap EA e Pp 


Ea 1 : ’ 
a "= Wop |! Bet mel 


Unfortunately the angle 0 will be of order m/M and so almost impossible 
to measure even for 1. —e collisions, on account of multiple scattering. 


3*b. Multiple scattering. The mean square angle of multiple scattering per 
unit track length, 0% and the mean square deflection <y?> can be written approx- 
- imately as follows (Rossi (1953), p. 68), 


(8) 0, =441/P*p*°Xo, 
1 
(9) Sy?) = | Oia? = 147a?/26°p°Xo, 


‘where p is the momentum expressed in MeV/c and X,, the radiation length, 
is 110 cm for argon at a pressure of 100 atmospheres. 

Table II shows the R.M.S. deflection to be expected for particles of various 
mass and momenta in argon under these conditions for track lengths of 1 cm 
and 20 cm. 


TaBLE II. — R.M.S. deflection (in mm) due to multiple scattering (<y?>%). 


(i) Track length 1 cm | (ii) Track length 20 cm 
Momentum Mass of particle Mass of particle 
pinMeV/e)~ 1. | ‘200 | 1000 | 2000 1 200 | 1000 | 2000 
BO 0 AL Bl Bens os a TR b sees da su: 
100 0.082 0.118 0.43 | 0.84 Tos 10.0 — —- 
200 0.041 0.046 0.112 0.21 SII 4.1 10.0 — 
500 0.0160 0.0168 0.0237 0.0375 1.43 5 2.12 9550 
1000 0.0082 | 0.0082 0.0092 0.0118 ' 0.73 0.73 0.82 Opa 
5 000 0.0016 0.0016 0.0016 0.0017 0.14 0.14 0.14 0.15 | 


fe 
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Trials have shown that although counter controlled tracks have a thickness 
of the order of 1 mm it is possible to determine the track centre to an accuracy 
of the order of 0.1mm. Multiple scattering appears capable of development 
into a useful method of track identification with the high pressure cloud 
chamber over a certain momentum range provided one can be sure that dis- 
tortions have been effectively eliminated. 


3°6. Momentum determinations using magnetic field. — The momentum p 
in MeV/c of a particle whose radius of curvature in a magnetic field H gauss 
is ecm is given by i 


(10) pi 3-10=*Hot 


The presence of multiple scattering however complicates the problem of 
momentum determination using a magnetie field. The critical velocity 6, of 
a particle at which the field curvature is just equal to the mean apparent radius 
of curvature due to multiple scattering is given by (Rossi (1953), p. 127) 


3660\ me? 
11) i 
where o is the gas density, / the length of track, and X, the radiation length 
is here expressed in g cm_?. 

It is proposed to operate the London chamber with a magnetic field of 
7000 gauss and under these conditions with a pressure of 100 atmospheres 
argon and a track length of 20 cm. f,= 0.17 which corresponds to a mo- 
mentum of 17 MeV/c for a particle of mass 200 m,, 85 MeV/c for a particle 
of mass 1000 m,, and 170 MeV/c for a particle of mass 2000 m,. 


3:7. Combined deflections due to multiple scattering and magnetic field to- 
gether. — The problem of the deflection of a particle in the cloud chamber under 
the combined effects of multiple scattering and magnetic field has been dis- 
cussed by GROETZINGER, BERGER and RIBE (1950). A fuller discussion speci- 
fically applicable to photographic emulsions in a very strong magnetic field, 
but capable of ready application to the cloud chamber has been given by 
MoyAL (1950). 

Suppose the track is divided up into a number » of cells, each of length h 
and that y, is the measured angle between the tangent to the track at the 
beginning of the 7 cell and a fixed direction then the best extimates O, 6 of 
the magnetic deflection per unit length, ©(= 1/0) and the mean square mult- 
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iple scattering angle per unit length 6? are 


(12) © = (Va P)/ty 
(13) hes > (dp, —h) 


where Oy, = Y;i1— Yr, and t= nh is the track length. 

Using (12) and (10) an estimate of the momentum p of the track can be 
obtained. Similarly using (13) and (8) an estimate of the product fp of the 
velocity and momentum can be made. 

The probable fractional error in p deduced from a measurement of @ is 


(14) Ap|p = 6,/ot 
while the probable fractional error in fp deduced for a measurement of 6% is 


(15) A(Bp)|Bp = (2n)-® 


These are fractional errors arising from the statistical distribution of the quan- 
tities @ and (È due to multiple scattering. They do not include errors of 
observation. 

The optimum number of cells will be determined by a consideration of the 
errors of observation. 

For a given length of track an increase in n will decrease A(fp)/Bp but 
on the other hand it will increase errors of measurement since the ratio of 
the uncertainty in setting on the centre of the track to the cell length increases. 
For a given accuracy of measurement of y, there will thus be an optimum 
cell length. : 

Let S, be the observational uncertainty in the angles y arising from track 
width, instrumental errors and so on. Suppose S, is connected with the cell 
length h through the relation S, = «h-*/? where « is a constant. MoyAL obtains 
for the optimum cell length, 


ho = (cpp Ep)z/tFk, 
where 


RE k | 1 + 2k) 
~ 


while the fractional standard error /(8p)/8p in fp due to these observational 
uncertainties can be written 


Ap) 1 ast)? | 
(18) =e lt + aah + 2| : 


Sor * 
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In the case of tracks obtained with the pressure cloud chamber it appears 
that most of the uncertainty will arise from the finite track width and so So 
can be written S, = 7w/h where w is the width of the track and 7 a constant 
depending on how well it should be possible to set to the centre of the track. 
It appears reasonable to take w= 0.1 cm, n 0.2, k= 2, in which case 
€ = 0.50 and the optimum cell length, hy, is given by hj = 0.075(pp)?", 
(p in MeV/c). 

In view of the possibility of multiple scattering deflections being so large 
as to give a resultant deflection in the opposite sense to that of the magnetic 
field it is of interest to calculate the probability that in a pressure cloud 
chamber with magnetic field the apparent sign of the charge on the particle 
producing the track is incorrect. 

Let a be the ratio of negatively to positively charged particles in a group 
whose sign is being determined by the magnetic field. Then for a track for 
which the total deflection is y,4,— y, MOYAr gives for the chance P that the 
sign is wrongly determined the expression 


(19) P= (1 + aexp [2w0t/62)]) 


As an example of the degree of certainty in velocity, momentum and sign 
determination using a magnetic field of 7000 gauss with a chamber 22.5 em 
diameter operating in argon at a pressure of 100 atmospheres, Table IIT illus- 
trates the application of the above expressions to the case of particles of mass 
equal to 200 electron masses. 

In this table # is the total length of a track (22.5 cm), (0%)? and wt respecti- 
vely its R.M.S. angle of multiple scattering and its angular deflection in a 
magnetic field, Ap/p, 4(Bp)/Pp fractional probable errors arising from the 
multiple scattering distribution, A,p/p, A)(6p)/bp fractional standard errors 
of observation assuming that the centre of a track can be determined to within 


TaBLE III. — Probable errors of determination of Bp and p for particles 
of mass equal to 200 m,. 


p Ap Ap ho A (Bp) ABP ) | Chance of 
MeV/c B ne pi p cm = Bo Bp | wrong sign 
P: a A I IRA ie 
70 0.56 0.60 0.385) 0.007 0.88 25 0.14 0.29 | < 1m‘*5-105 
100 0.69 0.42 0,31 0.01 127 18 0.17 0.35 | <4 inVO8 


i 500 | 0.977 | 0.084 | 0.22 | 0.05 4.65 5 0.31 0 63 » 
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0.2 mm. h, and » are respectively the optimum cell length and number of cells 
in a track 22.5 cm long. 

The last column gives the chance of a wrong sign determination for a track 
for which @ = ©. 

It is clear from the table that a magnetic field of 7000 gauss should enable 
momentum determinations with a probable error of less than 25 per cent for 
particles of momentum in the range 200-2000 MeV/c. In the range from 
70-200 MeV/c magnetic field and multiple scattering determinations are about 
equally reliable with probable errors of the order of 30 to 35 per cent. Part- 
icles of mass 200 m, with momentum less than 70 MeV/c will be stopped in 
the chamber and for these multiple scattering determinations of greater ac- 
curacy should be possible. For momenta above 2000 MeV/c the accuracy 
in momentum determination is limited mainly by observational errors. In 
this region the accuracy obtainable is not appreciably different for that ob- 
tainable for an atmospheric pressure chamber of the same diameter. 
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The Diffusion Cloud Chamber. 


A. LOVATI and C. Succi 


Istituto di Scienze Fisiche dell’ Universita - Milano 
Istituto Nazionale di Fisica Nucleare - Sezione di Milano 


The expansion cloud chamber offers such great possibilities in studying 
nuclear physics and cosmic radiation, that many efforts have been made to 
improve its performance. Some modifications have been made in expansion 
cloud chambers to extend the sensitive time per expansion or to increase the 
frequency with which expansions can be made [1]. New instruments have 
been built that are continuously sensitive to the ionizing radiations: the 
chemical chamber of VOLLRATH [2], the diffusion chamber of LANGSDORF [3] 
and the oil drop chamber of REGENER [4]. 

In recent years the Langsdorf chamber has been re-examined and several 
diffusion chambers are now operating [5]. 


Principle of operation. 


Both the expansion and the diffusion chamber consist of a vessel filled with 
a non condensable gas and a condensable vapour: suitable conditions of super- 
saturation of the vapour cause the ions to act as centres of condensation, so 
that their position is indicated by the droplets condensed frem the vapour. 
In the Wilson chamber the supersaturation is obtained by an adiabatic ex- 
pansion, which cools uniformely the whole vapour-gas mixture. In the diffus- 
ion chamber the supersaturation is obtained by a constant temperature gradient 
and where the gradient of the temperature of the gaseous mixture is sufficiently 
high, the vapour condenses continuously upon the ions. 

Let us consider a diffusion cloud chamber: the walls of the vessel, con- 
taining the vapour-gas mixture, are built of heat insulating material; the root 
and floor are maintained at two different temperatures t, and t,, with t,—t, 
some tens of degrees. The vapour diffuses from the top down to the cooled 
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base: in the region near the bottom the vapour becomes supersaturated. For 
every vapour-gas combination it is possible to find appropriate values of i 
and t), such that the supersaturation can exceed the critical value necessary 
to cause drop-like condensation upon ions. 

In the diagram of Fig. 1 the curve t(h) shows the variation of the tem- 
perature with the vertical height inside the chamber. A first approximation 
of this function was calculated by LANGSDORF. He treated the simplified 


FLUX OF VAPOUR 


ea 


Fig. 1. — a) Basic design of the diffusion cloud chamber; 6) Graph of the temper- 
ature ¢(h), supersaturation S(h) and ion condensation limit J(h) against the vertical 
height inside the chamber. 


case of a vapour diffusing in a gas, neglecting the effect of condensation of the 
vapour. More comprehensive treatments have been developed later [6]. In 
the same diagram the curve S(h) shows the behaviour of the supersaturation 
and J(h) gives the critical value for the condensation upon ions. Obviously 
S(h) and J(h) depend mainly on the physical constants of the gas and of the 
vapour and on the values of the temperatures of top and bottom. 


A diffusion chamber arrangement. 


Fig. 2 and 3 show a sketch and a photograph of the diffusion cloud 
chamber of Milan. A full description of the instrument will be given in the 
Nuovo Cimento [7]. 

It seems worthwhile to mention three characteristics of the instrument: 


i) The cooling of the bottom of the chamber is comfortably obtained 
with an industrial refrigerator. In this way the bottom can reach a tempe- 
rature of about — 45°C. This is sufficient for a good performance of 
the instrument. The cost of maintenance is particularly low. 
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Fig. 2. — Sketch of the diffusion chamber of Milan. 


ii) The free surface of the evaporating liquid is comparable to the chamber 
section, making it possible to produce a very large flux of vapour at a rather 
low temperature (in this way the probability of ereation of molecular aggre- 
gates, i.e. of droplets of non-ionic origin, is very small). The evaporator 
consists of three separated troughs, each with independent heater, in which 
different liquids can evaporate and so form appropriate mixtures of vapours. 


iii) The clearing field electrodes are located in the upper part of the 
chamber, so that the electric field is practically limited to the inert part of 
the chamber. Hence the formation of the tracks is not disturbed by the field. 


Comparison between diffusion and expansion cloud chamber. 


i) The temperature and the supersaturation are nearly homogeneous 
through the volume of the Wilson chamber immediately after expansion, 
whereas in the diffusion chamber they are varying functions of the vertical 
height. Therefore the former chamber may be operated in every orientation, 
the latter only horizontally. 


ii) The expansion chamber is a rather complex instrument and requires 
a certain skill for successful manipulation. On the contrary the diffusion 
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chamber is an instrument easy to build and operating without special difficulty 
also in its form at high pressure. 


iii) The diffusion chamber does not funetion when the general ionization 
level is high. The maximum permissible general ionization level depends 
substantially on the intensity of the flux of vapour and is generally of the 
order of 4-5 times the normal value at sea level. Only under this critical value 
the chamber is really continuously sensitive; however in this condition a. 
high ionization flux, if short, can be registered. 


iv) In the diffusion chamber the density vertical gradient due to the 
temperature inside the chamber assures an extreme stability against acci- 
dental convection, provided that the vessel is built against horizontal gra- 
dients and that the vapour is not too heavy as compared to the gas. 


In conclusion the diffusion cloud chamber is a good research instrument 
and can substitute the expansion cloud chamber in many problems. Usually 
it is employed in radioactivity and nuclear physics, generally not in cosmic 
radiation due to the geometry of the sensitive zone. High pressure diffusion 
chambers are being successfully operated at Brookhaven Cosmotron [8] and at 
Harwell cyclotron [9]. 
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Progress Report on the Development of Bubble Chambers (*). 


D. A. GLASER 
Harrison M. Randall Laboratory of Physics, University of Michigan - Ann Arbor, Michigan 


Introduction. 


Today I would like to report on the present state of development of a new 
instrument for the study of high energy nuclear physics. This new device, 
which has been called a « bubble chamber », makes it possible to record the 
paths of charged particles flying through a liquid absorber by photographing 
the strings of bubbles which mark the tracks when the liquid is highly super- 
heated. Bubble chambers have characteristics somewhat intermediate between 
those of conventional cloud chambers and nuclear emulsions since the specific 
gravity of the liquid is about one, the dimensions are of the order of a few 
centimeters, and counter-controlled pictures can be taken. 


1. — Reason for Interest in Bubble Chambers: Rationale of the Method. 


Much of our detailed knowledge of the properties, interactions and creation 
processes of the elementary particles has come from studies of cosmic rays 
and artificial particle beams using cloud chambers and photographic emulsions. 
Quantitative interpretation of the events recorded depends on measurements 
of scattering angles, ranges of stopped particles, magnetic curvatures, ioniz- 
ation densities, and other observables. To gain the most information from 
such measurements it is necessary to be able to measure simultaneously several 
of the above quantities with high precision in situations in which the spatial 
and temporal correlation of related events is possible. In terms of these expe- 
rimental aims, ordinary cloud chambers and photographic emulsions furnish 


(*) Most of this work was supported by the Michigan Memorial- Phoenix Project. 
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somewhat complementary kinds of information. Multiplate and high pressure 
cloud chambers have been developed to improve the efficiency of cloud chambers 
for observing ranges and interactions of elementary particles. On the other 
hand, the usefulness of photographic emulsions has been greatly extended 
by the ingenious development of emulsion «stacks » and «sandwiches » which 
greatly increase the useful volume of nuclear emulsions and permit some control 
over the chemical nature of the target material. 

The bubble chamber is the result of another attempt to devise a dice 
forming detector of high stopping power which will permit simultaneous mea- 
surement of several important parameters. Other methods of charged particle 
detection depend on establishing in some macroscopie physical system a meta- 
stable condition whose equilibrium can be upset by the microscopic disturbance 
resulting from an ionizing event. Since we desire to see tracks in a sensitive 
medium of high density, we ask what metastabilities can be established in 
liquids or solids. Of the several possibilities, we will examine in detail the 
stability of a clean superheated liquid against the formation of bubbles of 
vapor. For purposes of charged particle detection we want to investigate 
the influence of electric charges on this metastability. In broad outline the 
analysis is similar to that describing the growth of droplets in cloud chambers. 


2. — Theory of Bubble Stability. 


Consider a liquid in a state described by the temperature 7 °C, hydro- 
static pressure P dyne/cm?, saturated vapor pressure P_(7) at a flat liquid- 
vapor interface, interfacial surface tension o(7) dyne/em at a liquid-vapor 
boundary, and dielectric constant e(7). We take the dielectric constant of 
the vapor to be unity and neglect a possible dependence of o(Z) on the curva- 
ture of the interface and of ¢(7') on the pressure via the Clausius-Mossotti for- 
mula. Imagine a vapor bubble of radius 7 cm immersed in the liquid. It can 
be shown that the equilibrium pressure of the inclosed vapor, P,(7), is the 
same as P_(T)if the vapor is treated as a perfect gas. This result is different 
from the analogous one for a droplet immersed in a vapor. In the latter case 
it is found that the equilibrium vapor atmosphere surrounding a droplet must 
be supersaturated to prevent its evaporation, a fact which is often incorrectly 
described by saying that the vapor pressure of a liquid depends on the curva- 
ture of its surface. That this statement does not apply to the equilibrium 
of vapor bubbles in a liquid has been a matter of some dispute which seems 
finally to have been settled by several different arguments [1]. Then the equi- 
librium condition for a simple uncharged bubble takes the familiar form 


2o(T) 
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(1) P.(1)= PEPRAEERE 
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This condition representing unstable equilibrium is shown by the dotted curve 
of Fig. 1. The dotted arrows show the fates of two sizes of bubbles placed 


artificially in the liquid. 


Next we place an ion carrying a single electronic charge inside the vapor 


bubble. 
the bubble wall where we imagine it is 
held fast by some local trapping forces 
like those which hold surface charges 
on other solid and liquid dielectrics. 
If we consider this local binding energy 
independent of the curvature of the 
whole bubble and calculate the rest of 
the energy using macroscopic continu- 
um electrostatics for a sphere of ra- 
dius, 7, slightly larger than the radius, 
e, at which the ion is trapped, we find 


the radius-dependent part of the 
energy to be 
ey. Wa 


Bee I ee dat 
Losa a) È (2) (FA) 


Since this energy is negative and beco- 
mes more negative as the bubble 


It is easily shown that electrostatic forces cause it to run toward 


Ce 
\ \ 
\ 2} UNCHARGED 1) 
SORELLE \ ez SINGLY CHARGED ++ ) 
INTERMS OF al 
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\ 


Pe(T)-P 


BUBBLE RADIUS Fr 


«— STABLE EQUILIBRIUM 


Fig. 1. — Equilibrium curves of internal 
pressure excess versus radius for charged 
and uncharged bubbles. The horizontal 
arrows which show the fate of bubbles 
artificially introduced into the liquid de- 
monstrate that all the equilibria but 
one are unstable. The double arrow illu- 
strates the growth of a charged nucleus. 
when the liquid is superheated enough 
to be radiation sensitive. 


shrinks, we conclude that the charge 
encourages the bubble to collapse. This 
result can be understood qualitatively by the general fact that the electrostatic 
energy of a configuration is reduced if the region is filled with dielectric ma- 
terial. Regions of strong electric field tend to «suck » dielectric material into 
them. Of course the bubble will certainly not remain spherical under these 
forces, but the direction of the effect will not change. Our new equilibrium 
condition for a singly-charged bubble is 


2 ‘Pi e? y Li ol1ves 7 
(3) Pon gre 20 (2’) _ © |. (second term gives only 
r e(T)r* order of magnitude). 


As represented by the dashed line in Fig. 1, this unstable eyuilibrium is like 
that for uncharged bubbles but shifted. slightly toward larger bubble sizes. 
If we think of the liquid as continually undergoing processes of formation 
and collapse of tiny bubbles as a result of statistical fluctuations, then the 
presence of a number of single ions would tend to raise its tensile strength, 
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inhibit supersonic cavitation, increase the attainable superheat, and so on, 
by reducing the size of the mean fluctuation. 

Now we deposit a number, n, of charges on a bubble and approximate 
their effect by considering their total charge to be smeared continuously and 
uniformly over the sphere, an approximation that is better, the larger the 
number n. Our new energy contribution is 


(ne)? 


(4) W= x 


This positive energy encourages bubble growth and gives rise to a third equi- 
librium equation with a pressure-like term arising from the electrostatic re- 
pulsion 


(5) PAP 


The full line in Fig. 1 shows the equilibrium curve for a bubble carrying n 
charges. To the left of the maximum is a region of stable equilibrium indicated 
by the heavy line. The full arrows show how charged bubbles of various 
sizes would behave if they were introduced into the liquid. If » is only 2 
or 3 our approximation is not valid, but since the bubble is also no longer 
spherical, an exact solution for the electrostatic energy is not very helpful. 


3. — Principle of the Operation of a Bubble Chamber. 


A pure liquid can be superheated by raising its temperature in a clean 
closed vessel and then reducing the pressure. Such a liquid is thermody- 
namically unstable and would like very much to boil and make some vapor, 
but boiling must begin with the formation of microscopic bubble nuclei which 
then grow into large visible bubbles. When no irregularities or bubbles are 
present in the liquid or on the walls of the confining vessel to serve as nucleation 
centers, boiling does not occur and the liquid remains in a metastable superheated 
state. If now an ionizing event creates a cluster of charges of predominantly 
one sign in a small regicn of the liquid, the liquid in this region expands to 
reduce the local energy density and forms a charged bubble nucleus. This 
nucleus will usually reach the equilibrium size given by the full curve in Fig. 1 
corresponding to the given values of n and (P,,— P). Such nuclei remain 
in the liquid until the ions escape or are lost by recombination. But if the 
liquid is so highly superheated that (P_ — P) is greater than the maximum 
of the curve, any size bubble nuclei carrying n charges can grow to macro- 
scopic size as shown by the double arrow in Fig. 1. This maximum is found 


ui 
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from equation (5) and the resulting condition for observation of macroscopic 
bubbles from n-fold charge clusters is 


i bi 
(6) Pe(T)-P> P,(f) = 3 (a) [o(Z)]*-Le(Z)]*. 


This equation determines the temperature to which a liquid must be raised 
in order that its superheated state be sensitive to the formation of clusters 
of n charges. It can be shown that below a certain definite temperature, nuclei 
of sufficient size to cause unstable bubble growth arise extremely rarely from 
purely statistical density fluctuations, while above this temperature the pro- 
duction of nuclei is very rapid; the absolute limit of superheat has been 
reached [1]. Below this limit, in the absence of other mechanisms of nucleation, 
one can raise the temperature to increase P_(7) and decrease o(7) and e(7), 
All these changes tend to reduce the number of charges required for the 
eruption of a charged bubble nucleus. 

Since an ionizing particle leaves in its path a collection of clusters containing 
different numbers of charges, one would expect the number of bubbles per 
unit length of track to increase with temperature for a given density of ioniz- 
ation. Calculations of this variation are being checked experimentally. If 
there is a smallest number of charges required to make a visible bubble, one 
would expect the bubble density versus temperature curve to have a plateau. 
Preliminary experiments seem to indicate that this is so. 


4. — Construction and Operation of Bubble Counters and Chambers. 


The choice of a working liquid for bubble chambers depends on the nature 
of the physical experiment being considered and on experimental convenience. 
For a certain class of meson production and scattering experiments a liquid 
with a high density of free protons would be desirable. Diethyl ether was 
chosen for the first experiments because it contains many free protons and 
no heavy elements, and is readily available in pure form. A decisive advantage 
is that reasonable pressures and temperatures in the range 130°C to 150 °C 
were expected to be satisfactory. Pure diethyl ether boils at 34.6°C. In 
later experiments iso-pentane distilled from petroleum was used because it 
was thought that the ether, which is often freshly-prepared from grain alcchol, 
would contain a detectable contamination of radioactive C14. In recent organic 
material the Ol content gives about 16 disintegrations per minute per gram 
of carbon, a rate which leads to a considerable background for diethyl ether. 
Experiments to check this expectation and explore the possibilities of bubble 
eounters for C!4-dating are under way. 
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4-1. Experiments for Investigating Radiation Sensitivity of Superheated 
Liquids. — The first experiment to demonstrate the radiation sensitivity of 
the superheated state was done with the apparatus shown in Fig. 2. Two 
10 cm lengths of heavy-walled pyrex tubing of 3 mm inside diameter were 

joined by a heavy-walled capillary, 
ae ro ated with ether liquid and vapor, 
form LONG and immersed in beakers of hot 
mineral oil as shown. The hotter 
beaker was held in the position 
shown or removed to choose the 
temperature of one tube to be 160 °C 
Fig. 2. — Experiment to demonstrate ra- or room temperature (22°C), the 
diation sensitivity. The liquid in the tube corresponding pressures being 21 


on the right is superheated by removing ; 
the oil bath on the left, thus cooling the atmospheres sani Aa 


vapor and liquid in the left tube so that When the pressure was suddendly 
the pressure in the system drops from 21 reduced by cooling the tube on the 
to 0.6 atmospheres. After the eruption the left, the ether on the right became 
sensitive tube is refilled by replacing the highly superheated and remained so 
left hot bath. È 

for about a minute on the average. 

In the presence of a Co® source of 
gamma rays the superheated state was destroyed instantly [2]. Later expe- 
riments used a movable piston to control the pressure and gave more precise 
confirmation. 


VAPOR LIQUID 


130 TO 150°C 


42. High Speed Moving Pictures of Tracks with Manually-Controlled Bubble 
Chamber. — For this experiment the bubble chamber is a cylindrical pyrex 
bulb 3cm long and 1 cm inside diameter and communicates with various 
pressure-controlling devices through a heavy-walled pyrex capillary. The 
chamber is immersed in a cylindrical glass tank filled with mineral oil that 
maintains a constant temperature within 0.5°C and permits fair quality 
photography. 

The first photographs of bubble tracks were taken by a camera which 
takes 3000 pictures per second on 16mm film. The camera is started just 
as the chamber pressure is reduced to about 1 atmosphere by a simple steel 
piston operated in a brass cylinder with an O-ring seal by a screw and hand 
crank. Fig. 3 shows that bubbles along a track are 2 mm in diameter in 
less than 300 microseconds and that the explosion shows little trace of a track 
after 70 milliseconds. The event occured a few seconds after the expansion 
was complete. 


43. Vibration-triggered Pictures. — Since boiling starts as a violent eruption 
of the liquid, it produces an audible « plink!» which can be detected by a 
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Fig. 3. — High speed movies taken at 3000 frames per second of eruptive 

boiling, in ether at 135 °C initiated by a penetrating particle. The pictures 

shown here were taken at 0, 1/3, 4, 22, 71 and 250 milliseconds. The first two 
are consecutive frames. 
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Fig. 4. — Vibration-triggered 
track in diethyl ether at 141 °C. 
A General Electric variable re- 
luctance phonograph pic-kup 
detects the vibration associated 
with the eruption and takes the 
picture. From the bubble sizes 
it is possible to assert that the 
initiation of the isolated bubble 
was simultaneous with that of 
the track to within about 30 
microseconds. 


Fig. 5. — Counter-controlled photograph in 

which the flash started 3 microseconds after 

a vertical coincidence under 10 cm of lead 
and lasted for 5 microseconds. 
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phonograph pic-kup resting against the chamber. Because of the high tem- 
peratures involved, only pickups of the variable reluctance type were used. 
The signal flashed a small xenon discharge tube to take photographs of which 
Fig. 4 is an example. It was taken by Mr. Davin C. RAHM in our laboratory. 
Unfortunately the speed of propagation of these vibrations in the liquid is 
intrinsically too slow to permit really good quality track photography, but 
the pictures demonstrate some of the useful properties of bubble chambers. 
We see in Fig. 4 two straight track segments and an isolated bubble of roughly 
the same size as the track. We can say now, because of the very rapid speed 
of bubble growth, that the isolated bubble was simultaneous with the other 
event within less than 30 microseconds. One can then hope to interpret it 
as an interaction of a non-ionizing agent associated with the main event in 
some way. This time resolution can be made sharper and is a unique feature 
of bubble chambers. 


44. Optically-controlled Pictures. — In order to increase the speed of photo- 
graphy of random events in a geometrically unselective way beyond the limits 
of the previous method, an optical method is being developed. A photomult- 
iplier tube is arranged so that it watches the bubble chamber which is illu- 
minated continuously by a weak steady light. Any optical disturbance in the 
chamber scatters light into the photomultiplier, which then triggers a bright 
flashlamp for photographing the event. Already the results are better than 
those obtained by the vibration triggering, but not yet good enough for pre- 
cise measurements. 


45. Counter-controlled Pictures. — Counter-controlled pictures of vertical 
hard cosmic rays have been taken by flashing the camera lights during the 
post-expansion sensitive time which averages 5 to 7 seconds [3]. Best results 
have been obtained by taking the picture as soon after the coincidence as 
possible. Until now pictures taken with a 3 us delay and 5 us light duration 
have been best, but shorter times will be even better. Already the bubble 
size is only around .02 mm as shown in Fig. 5. 


4-6. Liquid Nitrogen and Liquid Hydrogen Bubble Chambers. — For many 
experiments a liquid hydrogen bubble chamber would have great advantages 
in providing a pure proton target. Such a chamber has been constructed at 
the University of Chicago in collaboration with the Institute for Nuclear Studies 
and the Low Temperature Laboratory of the Institute for the Study of 
Metals. Preliminary experiments have shown that both liquid nitrogen and 
liquid hydrogen are radiation sensitive in the superheated state, so the pho- 
tography of tracks should be possible. 
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5, — Further Developments and Applications of Bubble Chambers. 


The usefulness of bubble chambers for studying nuclear interactions will be 
greatly enhanced by a number of obvious developments like faster stereo-scopic 
photography and the addition of a magnetic field. If there is a reproducible 
relationship between the ionization density of a track and the number of 
bubbles along it, an important added parameter will be available for inter- 
preting the photographs. Since the bubble density along a minimum-ionizing 
track in ether is about 25 per centimeter, and the bubbles are already less 
than .02 cm in diameter, counting them is quite feasible. Because of the 
multiple charge requirement for bubble formation, the relation between ioniz- 
ation and bubble densities is not expected to be linear. 

Unfortunately it seems now as if the size of a bubble chamber cannot be 
made arbitrarily large without a loss of efficiency because every ionizing event 
triggers the chamber, ending its sensitive time for that cycle. For use with 
pulsed beams of particles from accelerators this limitation is not so serious 
because the chamber can be expanded just before the beam arrives. Maximum 
efficiency for cosmic ray experiments will require careful choice of shielding 
and geometry to reduce the undesirable background without too large a loss 
of interesting events. Counter-controlled expansions are one possible answer 
to the problem of efficiency of operation, but many factors make this appear 
to be a very difficult experimental problem. So far, no attempt has been 
made to photograph counter-controlled expansions of a bubble chamber. 

Because the bubbles grow very rapidly it should be possible to measure 
the ages of tracks to within a few microseconds in the range zero to 200 micro- 
seconds. By using multiple delayed flash photography it should be possible 
to distinguish and measure delayed processes such as muon decay by measur- 
ing the sizes of bubbles on the multiply-exposed negatives. 

Different liquids can be used in bubble chambers to vary the stopping 
power, atomic number, and bubble density. Perhaps it will also be possible 
to adjust the bubble density by varying the temperature, thus changing the 
sensitivity of the instrument for particles of minimum ionization. 
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Introduction. 


The study of the primary cosmic radiation is of great interest to us from 
two entirely different points of view. 


1) We need to know the flux and energy spectrum of the primary radiat- 
ion to be able to interpret phenomena belonging to the field of high energy 
nuclear physics; e.g. meson production, cross-sections for interaction, inelas- 
ticity of high energy nuclear collisions, ete. 


2) But we also study the primary radiation because of its astrophysical 
aspects. We are interested in the origin of cosmic rays e.g., in the location 
of its main source, in methods of acceleration and mode of propagation to the 
earth, and in explaining the time variations in the cosmic radiation. 


In these lectures we will therefore review certain points about the primary 
radiation, i.e. the radiation coming in at the top of the earth’s atmosphere. 
We will speak first about the nature and composition of the primary radiat- 
ion, secondly about the geomagnetic theory and the proton energy spectrum, 
about the cosmic ray «albedo », and about the latitude cut-off. 

Historically the ideas about the primary radiation have undergone large 
changes. Whereas initially it was thought that the primary cosmic rays were 
simply extraterrestrial y-rays, the discovery of the latitude effect by CLAY 
in 1928 indicated that at least a large portion of the cosmic radiation consisted 
of charged particles. They where thought to be electrons at that time; how- 
ever, the discovery of a west-to-east excess (the so-called east-west asym- 
metry) indicated the existence of many more positive primary rays than nega- 
tive. In a systematic series of balloon experiments by SCHEIN in 1941 near 
the top of the atmosphere, the notion that these particles were positrons was 
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dispelled in favor of protons. Extension of these measurements with rockets 
above the top of the atmosphere; i.e. above 45 kilometres, strengthened the 
proton hypothesis. In 1948 a further discovery was made, as photographic 
plate and cloud chamber measurements of the primary radiation indicated 
the presence of primary helium nuclei and heavier nuclei. Since that time 
many balloon and rocket measurements have been made of the various com- 
ponents of the primary radiation in order to determine more precisely the 
composition and also the energy spectrum of each component. 


Composition (Charge spectrum) of the Primary Radiation. 


Somewhat less than 90 per cent of the incoming primary particles are found 
to be protons; of the order of 10 per cent are helium nuclei and about 1 to 
2 per cent consist of particles having a charge greater than 2. In fact, this 
charge distribution of primaries resembles very much the cosmic abundance 
of elements except that the absence of the elements lithium, beryllium and 
boron in the primary radiation has not been experimentally established. This 
fact is of some considerable importance, inasmuch as the natural abundance 
of lithium, beryllium and boron is very small. However, they can be pro- 
duced by the fragmentation of heavier nuclei in collisions with interstellar 
hydrogen. Therefore, their possible presence in the primary cosmic radiation 
would indicate a long path length of the primaries since their original acce- 
leration. The present experimental difficulty about the existence or non- 
existence of Li, Be and B in the primary radiation stems from the fact. that 
measurements so far have been carried out at balloon altitudes, i.e. some 
10 to 15 g/em? below the top of the atmosphere. Although Li, Be, and B 
nuclei can be observed to occur at that altitude, it is possible that they are 
produced by fragmentation within this thickness of atmosphere, rather than 
by collisions in space. 

It is possible that other components are present in the primary radiation, 
but only to a very small degree. By a variety of experiments the absence 
(< 1%) of electrons with energy greater than about 1 GeV has been established, 
The flux of y-rays above the atmosphere has been found to be negligible in 
rocket experiments. The existence of negative protons has been invoked to 
account for the low value of east-west symmetry observed at the equator; 
recently however, this experimental evidence has been interpreted in a more 
reasonable way as being due 4o- albedo particles, i.e. secondary cosmic rays 
produced by the primaries near the top of the atmosphere. 
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The Energy Spectrum of the Primary Radiation. Geomagnetic Theory. 


We can determine the energy spectrum of the primary radiation at low 
energies by using the earth as a magnetic analyzer for primary momenta. 
We do this by combining the results of geomagnetic theory with flux measure- 
ments at various geomagnetic latitudes. We will therefore, first review certain 
features and results of the geomagnetic theory. 

In its simplest form geomagnetic theory deals with the trajectories of 
charged particles in the earth’s dipole field (dipole moment of the earth is 
8.1-10?° gauss-em*). The earth’s field H is therefore known at any point of 
space in terms of the dipole moment M, distance from the earth 7, and angle 0 
from the axis of the dipole. It would appear to be relatively simple to com- 
pute the trajectory of a charged particle by using the relationship 


Ts = pe fl 
AU 300 (©) H(r, 0)’ 


where © is the radius of curvature pe the momentum, Ze the charge of the 
particle; (pc/Ze) is the magnetic rigidity. 

This procedure can be followed in computing the trajectory of a charged 
particle point by point. However, if it is desired to deal with the totality 
of trajectories and to determine, for example, whether particles with a certain 
initial momentum and starting off in a certain initial direction will hit the 
earth and therefore be observed, then it becomes rather difficult to deal with 
this problem. The geomagnetic theory has developed in order to be able to 
say at least certain things about the collection of trajectories which can arrive 
at the earth and those which cannot. Once we have determined that a certain 
trajectory does arrive on the earth, we can immediately obtain the intensity 
of the radiation along the trajectory from an application of Liouville’s theorem 
which states that (for a given rigidity) the intensity along the trajectory is 
constant. Therefore, if the radiation is completely isotropic at large distances 
from the earth, we can take that intensity as equal to the intensity observed 
on the earth. If, however, the radiation at large distances from the earth 
is not isotropic, for example if they come or are imagined to come from the 
sun, then it is necessary to compute individual trajectories starting from the 
initial direction of the primary particles. 

In its most useful form for the experimentalist, geomagnetic theory gives 
an answer to the following problem. An observer at latitude 4 looks into a 
direction at zenith angle 0 and azimuth angle 9, e.g. with a directional tele- 
scope above the atmosphere. Geomagnetic theory gives a critical rigidity 
(momentum/charge in units of volts) of a given 4, 0 and so that particles. 
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having a rigidity greater than critical will enter and be recorded. Particles 
having a rigidity less than critical do not have unbounded trajectories i.e. 
reaching from the earth towards infinity and are not observed; hence the 
intensity measured at A, 0 and g will be the differential number spectrum of 
primaries between the limits p.c/Ze and infinity. According to the simple 
Stormer theory of the motion of charged part- 
icles in a dipole field, there corresponds then 
a unique and well-defined critical rigidity to 
a given set of A, 0 and g. 

This statement must be qualified to some 
extent since p.c/Ze is not always uniquely de- 
fined as a function as A, 0 and g. Because 
of finite size of the earth there exists a « sha- 
dow effect», ie. trajectories which could 
otherwise reach a given point of the earth’s 
surface would in doing so dip below the earth’s 
Fig. 1.- The observer's hemi- surface, and, therefore, will not reach it. This 
sphere at latitude A showing effect has been treated in detail by LEMAITRE 
schematically allowed and and VALLARTA. They have used the following 
forbidden directions of inci- representation and terminology: Instead of 
ete veel: ICI, fixing attention on the cut-off (critical) rigi- 

dity as a function of A, 0 and g, they consider, 
at a given latitude /, a fixed value of rigidity as a function of 0 and ©; the 
two representations are clearly equivalent. 

Their treatment, therefore, divides up the sky by means of the lines 
shown into a series of cones which define allowed and forbidden directions 
of incidence. For example, the Stormer cone together with the shadow cone 
defines the region which is definitely not allowed (dark), while the region 
within the main cone is completely allowed for momenta p. Between the main 
cone and Stormer cone is the semitransparent penumbra region which is rather 
difficult to calculate: within it certain directions may be allowed and others 
may not be. One can, however, make general statements about the penumbra 
region; for example, it is quite dense or dark for / less than 15° so that essen- 
tially the main cone is the determining cone for low latitudes; from 15° 
up to about 35° the penumbra is equally dark and light; above 35° it becomes 
quite light so that the Stòrmer cone can be used to determine allowed and 
forbidden directions of incidence. ‘ 

For further information on the geomagnetic theory and on various repre- 
sentations consult the following reference [1-3]. 
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1 


The Primary Energy Spectrum. 


} 


In accordance with the discussion of the previous section it is evident that 
in a measurement at a given latitude and in a given direction one essentially 
counts particles having a 
rigidity above the critical ‘9 
value given by geomagnetic 
theory (*). In a series of 
rocket experiments we have 
measured the flux in the 
vertical direction at various G 
geomagnetic latitudes from 
0° up to 58° by means of to 
directional telescopes. The 
results are given in the ac- 
companying graph in which 
we plot the number of part- 
icles with (pe/Ze)> (pe/Ze).. 2 


vs. critical rigidity, in other 
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tons, then this curve gives Stérmer theory. Note the sharp cut-off near la- 
the momentum spectrum of titude A = 58° indicating the absence of low energy 
protons. However, we know cosmic ray primaries. 
that a flux measured by 
these telescope experiments (and also by similar telescope experiments 
carried out in balloons) measures also albedo radiation (i.e. non-pri- 
maries) in addition to primary protons and all other components of the 
primary radiation (i.e. the heavier nuclei). To determine the primary 
proton flux we must therefore subtract from the measured intensities first of 
(*) In order to approach as closely as possible to the uncontaminated primary ra- 
diation it is preferable to use rockets which actually surmount the appreciable atmo- 
sphere. The first rocket experiments established the existence of a « plateau » above 
45 km, i.e. no further change in intensity with altitude. Although the time spent above 
45 km is fairly short (3-5 minutes), it is quite simple to build large detectors, e.g. Geiger 
counter telescopes, giving high counting rates. Due to the angular motion of the 
rocket the telescope sweeps out a path in the sky to determine the directional intensity 
at various values of 0 and y. It is necessary, however, to determine the rocket orient- 
ation from auxiliary instruments, such as photocells viewing the sun, magnetic de- 
tectors or photographs of the earth beneath the rocket. 
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all the flux of heavy primaries as determined by photographic plate method 
and by means of proportional counter telescopes. It finally becomes necessary 
to subtract the albedo radiation. From various considerations this is thought 
to be of the order of 10 to 15 per cent of total in the vertical direction. 

The albedo (secondaries present in the flux at the top of the atmosphere) 
can be tought as made up of two parts: (i) «splash » albedo: produced in the 
atmosphere near the telescope and entering it in an upward direction; 
(ii) « geomagnetic » albedo: produced far away but brought back by the earth’s 
field; it enters the telescope from above, i.e. in the same direction as primaries. 
It is interesting to consider the different methods which can be used to de- 
termine what fraction of the radiation at the top of the atmosphere consti- 
tutes albedo particles. Some experiments [4] have employed the-fact that 
albedo particles might be easily absorbed (although this may introduce other 
complications). Cerenkov counters have been used to determine the fraction 
of relativistic splash albedo [5]. One might also measure the specific ioniz- 
ation of albedo particles by means of proportional counters or low efficiency 
counters. 

Quite a different method for determining the albedo is based on the use 
of the geomagnetic theory itself [6]. 


Latitude Cut-off. 


The influences of the sun on cosmic phenomena are many and varied; 
perhaps the most dramatic are the sudden increases in the cosmic ray intensity 
connected with violent eruption and flares on the sun. The present discussion, 
however, is confined only to the effects of a possible solar magnetic field on 
the trajectories of cosmic ray primaries coming from outside the solar system. 
Experimentally we deal with the question as to whether soft protons (with 
energies lower than ~ 500 MeV) are present in the primary cosmic rays. As 
discussed earlier, the magnetic field of the earth can be used as a spectrometer 
to measure primary energies. If these soft protons are absent, then one 
should find no increase in the intensity of the primary cosmic rays at higher 
latitudes. The presence of such a latitude cut-off, suggesting the absence of 
low energy cosmic rays, was discovered by CosyNs in 1936 in a balloon ex- 
periment and was interpreted by JANOSSY on the assumption that a solar 
magnetic field was instrumental in keeping low energy cosmic ray primaries 
from coming to the earth. This interpretation gave a solar dipole moment 
which under conventional arguments would lead to a solar surface field cor- 
responding closely to Hale’s value. Recently, however, the experimental 
evidence has been interpreted [7] as not indicating the presence of a cut-off, 
and therefore requiring a much smaller solar field (of value 1 to 2 gauss), 
which would at first sight agree with modern Zeeman effect measurements. 
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(It should be pointed out perhaps that ALFvÉn [8] has questioned the validity 
of using these measurements to derive a solar general magnetic field). 

We have re-examined the experimental evidence on the intensity of cosmic 
rays near and above the top of the atmosphere at high latitudes [9]. Measu- 
rements were made directly on the primary radiation so that we can exclude 
the influence of atmospheric absorption. An analysis of the results shows 
that there is hardly any increase beyond a latitude of 58°. It is concluded 
that low energy primaries are absent to a significant extent (*); there esixts 
therefore, near a geomagnetic latitude of 58° a flattening of the primary mo- 
mentum spectrum commonly referred to as a «knee ». 

The assertion previously made, namely that measurements of the primary 
radiation prove the existence of a very small magnetic field of the sun, can 
no longer be maintained, (i) because of the presence of the «knee», and 
(ii) because it is very uncertain whether it is possible from these observations 
to deduce directly a solar magnetic field. It seems difficult to evaluate the 
effects due to the conductivity and motions of the interplanetary matter. 

The existence of the knee is of course no proof for the existence of a 
larger solar magnetic field, but it may be possible to use it to study magnetic 
fields existing in the vicinity of the earth. In fact, of course, the knee may 
be due to causes other than a magnetic field. 


Diurnal Variation. 


If one assumes that the knee is produced by a magnetic field at the earth’s 
orbit, one may look for other consequences. If the magnetic field is of the 
perfect dipole type, then one would expect to find a Stérmer cone existing 
at the earth’s orbit. Allowed directions of incidence of low energy cosmic 
rays are contained within the Stérmer cone. During the rotation of the earth 
the cone remains stationary, so that one would expect a large diurnal variation 
of the primary radiation. Experimentally, however, this variation is less 
than 1%. This observation has also been used to support the view that the 
sun’s magnetic field must be less than one gauss. We find, however, that this 
observation cannot be used, even under the conventional argument, to draw 
any definite conclusion about the magnitude of the solar magnetic field. It 
turns out that if proper account is taken of the scattering due to the earth’s 
magnetic field, the forbidden directions of incidence outside-of the Stormer 


(*) In particular, we established a (nearly) complete absence in the energy interval 
560 MeV down to 170 MeV (for protons); VAN ALLEN (Nuovo Cimento, 10, 630 (1953)) 
has recently extended the lower limit further (down to 18 MeV); the essential conclus- 
ions presented here remain unchanged. 
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cone are occupied to such a large extent (**) that the calculated daily vari- 
ation [10] of the primary radiation is only about 2%, i.e. experimentally hardly 
noticeable. Of course, since other magnetic fields may also be effective in 
scattering the cosmic radiation one would expect an even smaller diurnal 
variation. 


Conclusion. 


In order to carry the matter further experimentally, three types of inves- 
tigations would seem patricularly important: 

1) Is the knee absolute, i.e. are there no low energy particles in the 
primary radiation at all, or are they present only in very small numbers. 

2) It seems necessary to investigate variations with time of the latitude 
position of the knee, particularly in view of possible periodic variations in 
the solar magnetic field. 

3) Especially important would a be determination of whether «-particles 
and heavy primary particles also exhibit a knee and whether this knee occurs 
at the same latitude as the proton knee. If the knee is indeed produced by 
a magnetic field of some kind, then it would be observed for all particles at 
the same latitude. 


In conclusion one can only say that while the knee of the primary protons 
seems experimentally certain, its cause is not. We cannot, however, use it 
at present to deduce the existence or non-existence of a solar magnetic field. 


(**) Recent work by Treiman has shown that the degree of occupancy of the 
forbidden orbits is rather less than previously calculated, thus leading to a larger 
expected diurnal variation. The fact that the interplanetary field is not a perfect dipole 
field and is frequently disturbed, would, however, lead to an almost complete filling-up. 
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On the Fragmentations of Heavy Cosmic Ray Nuclei (*). 


K. GOTTSTEIN 
Max-Planck-Institut fiir Physik - Géttingen 


In photographic emulsions exposed at 95000 feet the interactions of heavy 
nuclei (Z > 3) with the nuclei of the emulsion have been studied. The pur- 
pose of the investigation was: 


1) to shed some more light on the still disputed question of whether 
or not the nuclei Li, Be and B occur in appreciable numbers in the primary 
cosmic radiation, using a partly new method; 


2) to gain some information on the reaction processes of the heavy nuclei 
themselves. 


1. — Method applied. 


In principle, there exist several methods for the identification of heavy 
nuclei suffering collisions, and as many of them as possible have been applied 
in individual cases. In general, there was good agreement between the results 
rendered by different methods: 


1) The «direct » methods: 


a) Measurements of 5-ray density and multiple scattering (DAINTON 
et al., 1951, 1952). 


b) Determination of the variation of the d-ray density with residual 
range in the stack of plates (using, e.g., Fig. 4 from DAINTON et al., 1952). 


(*) A detailed account will appear in the Philosophical Magazine. 
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2) The «indirect » methods: 


Having measured the ò-ray density, which is a function of both charge 
and velocity of the primary, one can obtain its charge and energy from an 
analysis of the disintegration process. This can be done in one, or several, 
of the following ways: 


a) Measurement of the angles between the tracks of the proton and 
a-particle fragments and the tracks of the primary particles. From their mean 
value one can deduce the primary velocity. 


b) Determination of the fragment velocities. If there is a narrow 
« jet » of particles continuing in the primary direction, obviously representing 
the fragments, one can in many cases assume that their velocity equals that 
of the primary. 


c) If there is no narrow «jet » of fragments, but there are one or more 
‘« thin » or «grey » tracks then the assumption may be used that the velocity 
of the primary was at least as high as that of the fastest of the secondary 
particles, i.e., that with the smallest grain-density. 


d) Energy balance. The total energy appearing in the reaction must 
equal the primary energy. The occurrence of neutral particles has to be taken 
into account. 


2. — Discussion of the method. 


1) Advantages: 


a) Direct visibility of reactions in the emulsion. (Most of the reactions 
of heavy nuclei which PETERS and collaborators (KAPLON et al., 1952) used 
for the evaluation of primary velocities by measuring the opening and relative 
scattering angles of «-particle fragments, occurred inside the brass layers of 
an «emulsion cloud chamber »). 


b) Even those disintegrating nuclei which leave rather short tracks in 
the emulsions may be identified by one of the above «indirect » methods, 
whereas scattering measurements require tracks of several mm length. 


e) In the study of the evaporation of nuclei at rest in the emulsion, it 
is rarely possible to say more about the nature of the evaporating nucleus 
than that it is either certainly «heavy » or possibly «light », according to the 
number of « heavy » tracks connected with the «star». The charge of nuclei 
evaporating «in flight », however, can be determined with high accuracy by 
the above methods. 
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2) Disadvantages: 


As far as the determination of the charge spectrum of the primary cosmic 
radiation is concerned, the method is limited to nuclei suffering collisions. 


8. — Some experimental results. 


108 events in which a nucleus with charge number Z > 3 suffers a collision 
have been analysed. 


1) Disintegration products. 


The primary nuclei are more thoroughly split up (relatively less «-particles 
and more protons appearing) in collisions with heavy target nuclei than in 
those with light ones. For collisions with light target nuclei the ratio of the 
numbers of secondary a-particles to the numbers of secondary protons is strongly 
dependent on energy. 

Energetic nuclei of even charge number, when colliding with light nuclei, 
show a higher tendency to emit fragments of even charge number than do 
« odd » nuclei. 

The numbers of «-particles and of heavier fragments occurring per fragment- 
ation are in good agreement with those observed in the opposite frame of 
reference in the study of the evaporation of nuclei resting in the emulsion. 


2) The proportion of Li, Be, B-nuclei arriving at the top of the atmosphere. 


In order to obtain the charge distribution at the top of the atmosphere 
one has to take into account the fact that some of the nuclei observed in the 
emulsions will be fragments of heavier nuclei which suffered collisions after 
their entrance into the earth’s atmosphere. Using the values for the collision 
cross-sections of heavy nuclei given by PETERS (1952) and the observed fre- 
quency of production of heavy fragments in the collisions of heavier nuclei 
one obtains for the ratio R of the numbers of Li, Be and B nuclei to those 
of C, N, O and F nuclei the value R~1. (According to PETERS È should 
be < 0.1). 

In making this evaluation the different collision cross-sections of the various 
groups of nuclei had to be taken into account. Furthermore, it was found 
that the lengths of the tracks of light nuclei suffering collisions are on the 
average much greater than those of heavier nuclei. It had to be concluded 
that a comparatively large number of fragmentations of the former where the 
track length of the primary in the emulsion layer was small had been over- 
looked in the scanning of the plates. This effect was corrected for. 
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3) Energy distribution. 
An indication of the energy distribution of the heavy nuclei at the top 


of the atmosphere which was derived from the measured distribution taking 


TABLE I. 


Proportions of heavy nuclei at the top 
of the atmosphere with kinetic energies 


> 1000 MeV/nucleon > 3000 MeV/nucleon 


IDB RS erie mists eo setoue 55 % 22% 
Dainton, FOWLER, KENT. . 45 % 95 
Presentwerk;./i- ese a 42% 9% 


into account «ionization loss» is given by the Table I. For comparison it 
also contains the results obtained for equal latitudes by PETERS et al. and by 
the Bristol group with their respective methods. 


4) Meson production in the collision of heavy nuclei. 


No correlation between the numbers of mesons produced per collision and 
either the number of evaporation tracks from the target nucleus or the primary 
charge is observable. Some events show great numbers of shower tracks 
and at the same time few or no evaporation tracks from the target nucleus. 

It appears that in events with primary energy > 500 MeV/nucleon there 
is on the average at least one charged meson produced per primary charge. 


5) Collisions of heavy nuclei with hydrogen atoms. 


Detailed energy and momentum considerations in the case of three events 
lead to the conclusion that they represent collisions of heavy nuclei with 
protons, and that in every instanee only one constituent nucleon of the heavy 
nucleus has collided with the proton. 


REFERENCES 


A. D. DAINTON, P. H. FowLER and D. W. KENT: Phil. Mag., 2, 317 (1951); 48, 729 
(1952). 

M. F. Kapton, B. Peters, H. L. REYNOLDS and D. M. Ritson: Phys. Rev., 85, 
295 (1952). 


. B. Peters: Progress in Cosmic Ray Physics (Amsterdam, 1952). 


if a eee Ok Bel Se Pee n e TR eh ee eR, ET I ete MO Se Oe es 
te oP RT as Ce ee MINA SER ew Ae av ANA ES ath, oe Who oe ee 
Pee eee Pi Tene ee Oe hep : IRE pe AN pa a FR i 
: Gato 3 a CEE i ! + 


È : ve tee = LA 
Cai ‘Al: ad 2 è Le 7 ol 


SUPPLEMENTO AL VOLUME XI, SERIE IX DEL NUOVO CIMENTO N: 2, 19540) ee 


The Astrophysical Aspect of Cosmic Radiation. gel 


H. ALFVÉN E 
Tekniska Hégskolan - Stockholm 


1. — Much work in Cosmic Ray Physics has been devoted to the study of 
subjects such as fundamental properties of matter, the structure of atomic 
nucleus, the properties of mesons, etc. However, the field of cosmic rays has 
also another aspect, the astrophysical aspect. A study of the cosmic radiation Ri: 
‘can not only give information about the microscopic structure of matter but toa si 
also about the macroscopic properties of the universe. Before reaching the 


‘earth, the cosmic rays have spent a long time in interplanetary or interstellar i 
space. It is likely that they have been influenced by the electromagnetic con- o; 
ditions in space and that this may be revealed by a study of the properties SI 


of the primary cosmic radiation. 

The discovery of the cosmic radiation was one of the most astonishing 
discoveries that has ever.been made in astrophysics. There was earlier no 
reason at all to expect that the earth should receive a radiation consisting 
of so energetic particles as the cosmic rays have proved to be. The properties Roe 
of cosmic radiation require that there is a mechanism outside the earth which i 
is able to accelerate particles to extremely high energies, and as we shall see, 
this leads to new concepts concerning the electromagnetic conditions in space. 

Many different theories about the origin of the cosmic radiation have been 
proposed. The astrophysicist has been in an awkward position because the 
opinions concerning the nature of the primary cosmic radiation have changed 
very much. ae 

Immediately after the discovery it was thought that cosmic rays were very a 
hard y-rays. Later the generally accepted view was that the primary radiation 
consisted of electrons whereas we now finally have reached the conclusion 
that the primary radiation consists of charged atomic nuclei, especially protons. 

There are also helium and heavier nuclei. The content of electrons is very 
small, certainly less than one percent and probably even smaller. 

The most striking feature of the cosmic radiation is the enormous energies 
of the particles. Most of the primary radiation has an energy of the order 


25 - Supplemento al Nuovo Cimento. 


rh 


382 H. ALFVEN 


of 10° eV but a few of the particles seem to have energies as high as 10% or 
perhaps even 10! eV. Another striking feature of the radiation is its isotropy 
which is best studied by measuring the diurnal variation. No diurnal effect 
greater than a fraction of a percent has been found with certainty which shows 
that a high degree of isotropy exists in a plane perpendicular to the earth’s 
axis. 

Besides the diurnal variation there are also other types of variation. In 
connection with magnetic storms the intensity of cosmic radiation changes 
often by one percent, and in extreme cases by as much as ten percent. In a 


few cases variations of the same order of magnitude have also been found 


associated with solar flares. This refers to measurements of the total radiation 
by ionization chambers or ordinary counters. If, however, we measure the 
secondary neutron component of the radiation still larger fluctuations are 
sometimes found. 

There are also long period fluctuations. One of the most interesting has 
a period of 27 days and is associated with the solar rotation. It is not quite 
certain whether there is a yearly period which is of primary origin. Measure- 
ments certainly show such a variation, but this may be due to atmospheric 
effects. 


2. — Universal, galactic, or local origin? 


In discussing how the cosmic radiation is produced the high degree of iso- 
tropy is a very important factor. The total energy we receive as cosmic 
radiation is of the same order of magnitude as that which we receive in form 
of starlight, but unlike the cosmic radiation the starlight we receive is not 
isotropic, much more coming from the galactic plane than perpendicular to 
the plane. A possible explanation of the isotropy of the cosmic radiation is 
that it originates from sources uniformly distributed over the sky. In fact, 
as long as cosmic radiation was thought to consist of photons which must 
travel in straight lines, this was the only possibility. Charged particles, how- 
ever, move rectilinearly only in the absence of electric and magnetic fields, 
whereas if such fields exist, their paths are curved. 

If cosmic radiation travels rectilinearly through space the total energy of 
cosmic radiation in the universe must be much greater than the total energy 
of starlight because the starlight has the intensity which we observe here only 
within our galaxy whereas in intergalactic space the intensity is much lower. 
Contrary to this, the isotropy of cosmic radiation would require the intensity 
to be the same in intergalactic space as within our galaxy. As a calculation 
shows, this means that the total energy in the universe in form of cosmic rays 
must be 104 times the energy of starlight. 
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The conclusion of this is that the cosmie radiation must be of cosmogonic — 
importance and we have to look for its origin in connection with the origin 
of the universe. Theories of this kind have been proposed by LEMAITRE and 
others. 

If we do not want to connect the origin of the cosmic radiation with the 
rather vague and uncertain theories of the origin of the universe, there are 
other possibilities under the condition that we assume that within our galaxy 
there exist magnetic fields strong enough to affect the charged particles in the 
cosmic radiation. Our galaxy has the shape of a lens with a diameter of 
100000 light years (10° cm) and a thickness of 10000 light years (1022 cm). 
If the cosmic radiation should be trapped within our galaxy, this implies that 
the radius of curvature of the most energetic particles must be less than 1022 em. 
For a singly charged particle of for example some 101 eV the magnetic field 
must be more than 10- gauss. If the cosmic radiation is confined to our 
galaxy, the total energy becomes much less than that given by the assumption 
of the universal isotropy. In fact, it can be shown that the total energy 
production need only to be 10-4 times that of starlight. The energy of cosmic 
rays within the galaxy is of the same order as the kinetic energy of the galaxy. 
« Galactic » theories have been proposed by several authors, most recently 
by FERMI. 

There is also a third alternative, namely that the cosmic radiation is of 
still more local character, as suggested some time ago by TELLER and RICHT- 
MYER. The radiation, or at least most of it, may be confined to the neigh- 
borhood of the solar system, say to the region of 0.1 light year (10! cm) from 
our sun. Other stars probably also have a region of cosmic radiation around 
them. If this is the case, the energy production in cosmic radiation would 
be still much lower, only 10-!° to 10-15 times that of the starlight. The local 
origin theory would require the existence in our solar system of magnetic fields 
of the order 10-> gauss in order to keep the radiation trapped. 


3. — Magneto-hydrodynamie phenomena. 


If we exclude the universal hypothesis about the origin of cosmic radiation, 
which at present seems not very probable, we may conclude that the theories 
agree that cosmic radiation must be produced by electromagnetic fields in 
space. This brings us up to the question how such fields could be produced. 
The problem of cosmic radiation becomes in this way connected with several 
other astrophysical phenomena which are most probably of an electromagnetic 
character. In geophysics we encounter such phenomena in the aurora and 
magnetic storms, and other ionospheric phenomena, further the difficult problem 
concerning the origin of the earth’s magnetic field. In solar physics most 
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of the phenomena called «solar activity » probably belong to this field. Sun- 
spots, solar prominences, flares, different phenomena in the solar corona, and 
the radio noise emitted from the sun are all of electromagnetic charatter. 
In astrophysics the discovery of the magnetic variable stars and of galactic 
radio noise has drawn the attention to the importance of electromagnetic pheno- 
mena even in this connection. 

All the mentioned phenomena, including cosmic radiation, form part of 
the same field and it is impossible to study one of them without taking account 
of the other phenomena. They are all produced by an intimate interaction 
between electromagnetic and hydrodynamic phenomena, and hence belong to 
the field of magneto-hydrodynamics. We have little hope to be able to under- 
stand one of these phenomena without research in the whole field. 

The basic phenomenon in magneto-hydrodynamies is the coupling between 
hydrodynamic and electromagnetic phenomena. The condition for this coupl- 
ing is ; 

IHoo * >1, 


where / is the linear dimension of the region we consider, H the magnetic field, 
o the electric conductivity, and o the mass density of the medium. As soon 
as this condition is satisfied, hydrodynamic motions produce electromagnetic 
phenomena and vice versa. In order to treat this mathematically, we must 
start from Maxwell’s equation combined with the hydrodynamic equations. 

As a result of this it turns out that in an electrically conducting medium 
in the presence of a magnetic field all disturbances will in general produce 
magneto-hydrodynamic waves. Such waves are characterized by a hydro- 
dynamic velocity, an induced magnetic field and an associated electric field. 
For the study of cosmic radiation the latter is of special interest, because if 
waves proceed through space, this electric field may interact with the cosmic 
radiation. In this way the high energy particles which are present in a region 
of such disturbance, have a chance to pick up energy from the disturbance. 
If the initial case of the disturbance is a hydrodynamic motion, we have here 
a very general type of mechanism by which energy can be transferred from 
hydrodynamic motions into cosmic ray energy. All the different galactic and 
local theories fundamentally employ these very general and simple phenomena. 


4. — Diurnal variation. 


Before we discuss the origin of the cosmic radiation, we shall treat the 
diurnal variation of cosmic radiation and also the variation of cosmic radiation 
during magnetic storms. 

Measurements by ionization chambers and counter telescopes have de- 
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monstrated that the cosmic radiation has a diurnal variation of about 0.2% 


- with a maximum at a time which varies with the geographical situation of 


the observer, but usually takes place in the early afternoon. No sidereal 
time variation has been observed which exceeds the experimental errors. This 
may be considered as an additional argument against the universal hypothesis 
of cosmic radiation, because according to this hypothesis we shall expect an 
anisotropy due to the rotation of our galaxy, resulting in a sidereal time va- 
riation of about .2% (Compton-Getting effect). 

Recent tabulation of the Stérmer orbits by BRUNBERG (*) has made it 
possible to correct for deflection of the particles by the earth’s magnetic field. 
In this way it has been found that the primary cosmic radiation, which enters 
the earth’s magnetic field, is anisotropic with an excess of particles approaching 
the earth from about the 18h direction, i.e. if the earth had no magnetic 
field we should observe a maximum at 18h. This means that in relation to 
the sun we receive an excess of particles in the tangential direction. A theory 
by JANOSSY, VALLARTA et al. concerning the influence of the solar magnetic 
field on the cosmic radiation would give a variation with this phase. Unfortu- 
nately, however, the theory holds only if the solar magnetic field were a mathe- 
matically exact dipole field, because the slightest disturbance of it would scatter 
particles into captured orbits and cancel the whole effect. An alternate attempt 
to explain the solar time variation of cosmic radiation is the following (**). 

When the sun rctates it becomes electrically polarized when seen from a 
fixed coordinate system, and que to the combined action of the solar magnetic 
field and the electric field resulting from this polarization al! charged particles 
in the neighborhood of the sun will rotate with the same angular velocity as 
the sun. This can, of course, not hold out to infinite distance and it is dif- 
ficult to say exactly how far out from the sun it holds. If the limiting distance 
is of the same order as the earth’s orbit or larger most charged particles in 
the neighborhood of the earth should take part in the solar rotation. This 
holds also for cosmic rays provided that the energy is not too high. The 
limiting condition in this case is that the radius of curvature should not exceed 
the order of the earth’s orbital radius. 

If the cosmic radiation in our neighbourhood rotates with the same angular 
velocity as the sun, the velocity near the earth’s orbit is v==27R,/T = 0.0017c, 
where R=1.5-1013 cm is the earth’s orbital radius and 7—27 days—2.3-10° s 
is the solar synodic period. Using the calculations by VALLARTA, GRAEF and 
KUSAKA (***) in connection with a Compton-Getting effect we find that this 
velocity would give a diurnal variation of the order of 0.3 %. This is the 


(*) E. A. BRUNBERG: Tellus, 5, 135 (1958). 
(**) E. A. BronBERG and A. DATTNER (in the press). 
( * 


) D ‘ x 
***) M.S. VALLARTA, C. GraeF and S. Kusaka: Phys. Rev., 55, 1 (1939). 
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right order of magnitude. Also the phase agrees with this hypothesis. An 
explanation along these lines can be correct only under the condition that 
the radius of curvature of cosmic ray particles near the earth is smaller than 
the earth’s orbital radius. As most of the particles in the cosmic radiation 
have energies of the order 3-10! eV so that their rigidity Ho= 10° gauss cm, 
the solar magnetic field near the earth’s orbit must be at least 10~ gauss. 


5. — Magnetic storm variations. 


During a magnetic storm the cosmic radiation decreases frequently 1% 
and on rare occasions as much as 10%. The decrease starts at the beginning 
of the magnetic storm and when the storm has ended, a slow recovery takes 
place, bringing back the cosmic rays to its normal intensity after a few days. 
It was first thought that the cosmic ray decrease was an effect of the change 
of the terrestrial magnetic field during the storm. An investigation of the 
storm effect at. different latitudes has shown that this explanation is impos- 
sible. Instead, we must assume that the variation is due to a change in the 
electromagnetic conditions in interplanetary space in the neighbourhood of 
the earth. 

There are many arguments in favour of the view that a magnetic storm is 
produced by a beam of very rarefied ionized gas emitted from the sun. This 
beam carries a magnetic field with it as it has originated near the sun’s surface 
in the presence of magnetic fields. Due to its motion, it becomes electrically 
polarized, its electric field being 


baie, 


where v is the velocity of the gas and H the magnetic field. This electric field 
is of decisive importance for understanding the magnetic storm and associated 
aurora which is produced as soon as the earth is situated inside the beam. 

Cosmic rays passing the electric field are accelerated or decelerated by it, 
depending in what direction they move. If we calculate the motion of cosmic 
rays and assume that a particle which passes through the beam becomes acce- 
lerated or decelerated, we can account for the magnetic storm effect under 
the assumption that the solar magnetic field in our environment is at least 
10~> gauss (*). If the field were smaller than this we should, instead, obtain 
an increase in cosmic radiation just before the storm, and a decrease after- 


(*) E. A. BRUNBERG and A. DATTNER (in the press). 
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wards. As the increase has not been observed, the above conclusion about 
the solar magnetic field must be made. 

In two different ways we have been compelled to assume that near the 
earth’s orbit the magnetic field is at least 10-5 gauss. This is a relatively 
high value, and if the solar magnetic field were a dipole field, it would cor- 


respond to about 100 gauss at the sun’s surface, a value which seems to be ; 


excluded. On the other hand, there is no necessity at all to assume that the 
solar field outside the sun’s surface decreases as a dipole field. In fact, the 
introduction of the concept of storm producing beams means that we have 
left the dipole assumption because the electrically conducting beams moving 
out from the sun, will no doubt, produce so large disturbance of the field that 
it can no longer be approximated as a dipole field. The assumption of the 
field near the earth’s orbit of 10-5 gauss is reconcilable with a field at the 
solar surface of about 10 gauss if on the average, the field varies as r-25. 


6. — Origin of cosmic radiation. 


As was stated in § 2, it is most likely that the cosmic radiation is either 
of galactic or of local origin. The effects discussed in § 4 and 5 show that 
there are strong forces affecting the cosmic radiation in our neighbourhood. 
In fact, if the cosmic radiation can change by as much as 10% during a 
magnetic storm, this shows that there are strong electric fields in our neigh- 
bourhood. It is quite possible that the long time effects of such fields are strong 
enough to accelerate the cosmic radiation (*). 


(*) H. ALFVÉN: Phys. Rev., 75, 1732 (1949); 77, 375 (1950). 
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Remark on the Origin of the Cosmic Rays. 


G. WATAGHIN 


Istituto di Fisica dell’ Università - Torino 


Examining the following three hypotheses on the origin of cosmie 
radiation : 


1) The local origin. 
2) The galactic origin. 


3) The hypothesis of the existence of an intergalactic cosmic radiation 
one finds strong experimental and theoretical arguments showing that the 
first two assumptions permit to understand many of the features of the observed. 
cosmic rays. 


We want to call attention to the fact that the existence of cosmic radiations 
in the intergalactic space is still an open question. We do not know decisive 
arguments against it and perhaps it is worth while to remember some arguments 
in favor of this assumption. 

Obviously the kinetic energy of the turbolent motion of magnetic clouds 
in our galaxy or even the kinetic energy of the whole galaxy is insufficient 
as a source of cosmic rays, if they are present.in the intergalactic space with 
a density of energy comparable with the observed density near the earth’s sur- 
face (~ 10-12 erg/em?). 

But we know that at some early epoch of the evolution of the universe 
the atomic nuclei were formed in conditions which required extremely high 
temperatures and probably very special conditions of matter (high density, 
rapid expansion and violent turbolence). Some theoretical arguments favor 
the assumption of a kind of initial explosion. It seems very plausible to 
assume that in these processes high energy particles were formed and some 
could escape the subsequent process of cooling. A fraction of the order — 10-* 
of the energy of the primary protons and neutrons would be sufficient to 
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explain the presence of cosmic rays in the intergalactic space. The high energy 
protons could travel for billions of years without being stopped by intergalactic 
matter (the present day density of this matter is ~ 10-® g/cm?). 

The absence in the primary radiation of electrons and photons is perhaps 
more difficult to understand: one is inclined to ascribe this absence to the 
mechanism of production, absorption end escape of high energy particles 
during the processes of formation of nuclei, galaxies ad stars. 

We know that in a high energy collisions of primary protons with other 
nuclei, only a fraction of primary energy is given to the electrons and photons, 
and we know also that in certain cases high energy electrons and photons are 
absorbed more strongly than high energy protons. 

It seems to us also not easy to understand, on the basis of a galactic 
hypothesis, the isotropy of primary particles having energies of the order of 
10” or 104%eV (Ho ~3-10"%, and thus 0 —3-10? cm in a field H~10-* 
oersted). 

In this connection a careful study of the barometer-effect, temperature 
effect and altitude effect of extensive showers could establish the value of the 
charges of such primary particles and contribute to the study of the inter- 


| galactic hypothesis. 
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Problems of Nuclear Geophysics. 


_F. G. HOUTERMANS 


Physikalisches Institut der Universitàt - Bern 


I. — Cosmic RADIATION IN THE PAST (*). 


It is very surprising that the energy flux of cosmic radiation in the neigh- 
bourhood of the earth seems to be of the same order of magnitude as the 
flux of thermal radiation from all stars. It is therefore extremely important 
to know whether cosmic radiation is to be considered as a general property 
of our universe or as an « event » occuring at present and to examine all possible 
evidence about its existence in the past. 


1. — Cosmic radiation during the past 104 years. 


The first set of evidence for the existence of cosmic radiation during 
historical and prehistoric time is given by Libby’s elegant method of carbon 
dating [1]. All neutrons produced in the atmosphere by cosmic radiation 
which do not undergo nuclear interaction are absorbed by nitrogen at energies 
slightly above thermal in the N14(n, p)C!4 process, thus producing B-active 014 
with a halflife of 7= 5568 a which is added to the CO, content of the atmo- 
sphere and follows the well known carbon cycle on the earth’s surface (CO, 
assimilation and formation of organic matter, sedimentation, return by rock 
erosion, solution of carbonates and volcanic activity). 


(*) This lecture was given as the first of three lectures read between August 22nd 
and August 26th at the Varenna Summer-Course of the Italian Physical Society. 
The author’s thanks are due to this Society for the kind invitation to this Summer- 
Course. Since several important papers on the subjects covered in the first of these 
lectures came to my knowledge only since the date given, the evidence published up 
to December 1953 was included in this paper after the lecture was held. 
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Present day activity of carbon follows from world wide measurements of 
recent organic matter as 16.1 disintegrations per minute per gram of carbon cor- 
responding to a C!4/C ratio of 1.35-10-!2. This ratio is slightly higher in shells 
than in wood, presumably due to a small isotopic enrichment of the heavy iso- 
tope, in shell formation, as can be seen by the enrichment of C! in shells. The 
principle of radiocarbon dating is based upon the fact that C' is decaying in 
all carbon containing material originating from CO, from the time when C-ex- 
change with atmospheric CO, ceases to take place. Up to historical ages of about 
5000 a given by historic dates of Egyptian sarcophags the historical time scale 
seems to be in fair agreement with the C™ time scale derived from the halflife of 
C1 and present activity of carbon. The method of radiocarbon dating is based 
on two assumptions, as has been pointed out by ANDERSON and Lippy [2] 
i.e. that a) the number of slow neutrons produced by cosmic radiation per 
unit time and d) the amount of carbon in exchange with the atmospheric CO,, 
which is estimated as 8.3 g/em? of the earth’s surface did not vary with time 
within the limits of the carbon time scale. This second assumption is based 
on a stationary equilibrium of loss through sedimentation and formation of 
carbonate rocks and return of fossile CO, to the reservoir in free exchange 
with the atmosphere through solution of carbonate rocks, rock erosion, vol- 
canism, and burning of fossile carbon deposits. Present activity of carbon 
is, as has been shown by ANDERSON and LIBBy in fair agreement with present 
figures of the number of neutrons radiation absorbed per unit time. This 
leads to the formation of 7.0-107 atoms C'/em?a or 1.63-10-1° gO14/em? a 
and a «live» reservoir of 8.3 g carbon/cm?, the bulk of which (7.8 g/cm?) is 
contained in the ocean which is to be considered as well mixed with the atmo- 
sphere in times comparable with the mean life of C*. 

The internal consistency of the radiocarbon time scale up to an age of 
5000 a therefore seems to indicate that it is safe to assume that the carbon 
exchange reservoir C, as well as the production rate of radiocarbon and there- 
fore cosmic ray intensity has not changed for more than 10-20% during this 
period. In fact since in these conclusions it is assumed that saturation activity 
of C4 has already been reached at a time 5000 a ago, one may even extend 
the period of constant cosmic ray intensity whithin these limits to 2-3 half- 
lives of C!4 or about 1-1.5-104 a. 

It seems worth while, though, to examine further the radiocarbon time scale 
up to higher periods by means of comparison with other time se@les given 
by tree-ring and varve counting and especially by comparison with direct 
Tonium time determinations in deep ocean sediments [3] especially since 
such a procedure will allow comparison of the C14, the Io- and the sediment- 
ation time scale at the same time. 
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2. — Cosmic radiation during the past 10° years. 


The chloron isotope Cl® which is present in natural chloron with an abund- 
ance of 75,4%, has a neutron capture cross-section of 43 barn. The 
C1*5(n, y)C185 process leads to the formation of Cl which undergoes ~-decay 
with a halflife 7= 0.4-106 a. This means that practically all neutrons formed 
in a sufficient large volume of rock salt lead to the formation of Cl**. This 
remains true for a NaCl solution of about 20% concentration, conditions being 
even more favorable for a shallow swamp of salt solution up to 1m depth. 

A very rough estimate, taking a diffusion length of 1 m for bringing down 
the initial neutron energy from 10 MeV to 0.1 eV gives a saturation activity 
of Cl** in rock salt of about 4 disintegration/d-g salt, at sea level, i.e. about 
3500 times less than present OC! activity. Yet, if favorable conditions could 
be found of sufficiently dry and sufficiently old salt deposits, especially at 
high altitudes (Tibet, Utah) it may not seem quite impossible to detect Cl** 
activity caused by cosmic radiation if isotopic enrichment by a factor 100- . 
1000 could be achieved. 


3. — Cosmic radiation during the past 10° years. 


By far the most interesting information about cosmic radiation in the past 
and about existence of cosmic radiation outside the earth’s atmosphere can 
be obtained from a study of the helium content in iron meteorites, using the 
most interesting recent results of PANETH and his coworkers: [4-10]. 

Iron meteorites are known to retain helium much better than stone me- 
teorites and terrestrian rock material. PANETH and his school had determined 
the He-content of a number of iron meteorites and by measuring their content 
in U and Th and assuming their He to be of radiogenic origin, he had arrived 
at He-age values for meteorites up to 7.5-10°a. The He-content of iron 
meteorites ranges from 2-10-!° to 40-10-* cm? He at N.T.P./g meteorite and 
their U- and Th-content, being considerably lower than in any natural ter- 
restric material is of the order of 0.2-1.2-10-§ gU/g and 0.2-12-10-8 gTh/g. 
These He-ages for meteorites were much higher than upper estimates of an 
upper limit for the « Age of the elements », derived from other arguments, 
and it has been suggested that possibly part of the He-content found in me- 
teorites may be of non radiogenic origin. BAUER [11] and HUNTLEY [12] 
have supposed independently the production of He in meteorites by nuclear 
disintegrations caused by cosmic radiation in interplanetary space. BAUER 
further has suggested from this hypothesis a dependance of He-content in 
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meteorites on size as a support for this hypothesis, because of the absorption- 
transition curve for He-production from cosmic radiation [13, 14]. SINGER 
[15, 16] has emphasized as experimentum crucis for the existence of ra- 
diation generated He the existence of a considerable proportion of He? in 
He contained in iron meteorites. In nuclear interactions from cosmic radiation 


a certain amount of He? and still more tritium which decays into He? with a 


halflife of 11 a is produced. If all He present in meteorites were due to radio- 
active decay of Th and U no He? is to be expected in meteorites. PANETH 


and his collaborators have since performed this very difficult and interesting — 


experiment and determining by means of mass-spectrometer the ratio He?/Het 
have found that this ratio in all cases in which there was sufficient He present 
for such analysis ranges from 17.8% to 31.5% [7]. The most interesting 
feature is the fact that those meteorites which had been considered as the 
oldest by interpreting all He present to be radiogenic turn out to have the 
highest values for the ratio He*/He*, and radiogenic generation of He in this 
type (type I) is to be regarded as a small correction of cosmic radiation ge- 
nerated He. Some meteorites however, classed as type II, seem to have radio- 
genic He of the same order of magnitude as cosmic ray produced He. The 
relevant data given by PANETH for all type II meteorites are given in Table I. 
These are the most suitable for age calculation. Their radioactive age, cal- 
culated for a plausible correction for cosmic ray produced He from the exper- 
imental ratio He?/He* due to cosmic radiation is given in Table III according 
to calculations of PANETH [8]. Type III meteorites, contain very little He, 
of the order 10-8 cm’ N.T.P.He/g and less, for which an assay of He*/He' was not 
possible at present. They must have very low radioactive ages, of the order 
of a 0.4 to 30-10% a, even if all He present is ascribed to radioactive decay, 
or must have lost their He by very violent heating at these dates. 


TABLE I. 
| og so 73 Be Radiogenic Max... Mint 
E ELE È È Het Dia- | content content 
| * Sn eae en ee 
: CAR 322. 25 | Ratio | Ratio Pet] in 10-* g/g| in 10-* g/g 
Zi PES oe uo Das inem|_ 
RS E at ay i TUE 
1 | San Martin... .| 1.76 | 0.168| 0.87 | 0.48 | — | 0.80 [11.8 | 0.71 | 9.0 
2|-Henbury ... .| 0.88 |0.254|0.25 | 0.0 | very |1.12| 3.38|1.02| 2.54 
large | 
3 | Negrillos . . .-. .| 0.46 |.0.190| 0.205 0.095| 150 | 0.47] 1.79) — | — 
4 | Bethany (Harvard) | 0.36 | 0.178! 0.17 | 0.09 | 150 | 1.17 1.12! 0.58 | 0.76 
5 | Goahuila < >. . «. -| 0:20 | 0.233) 0.068 0.011 | 132 | 0.42 | 0.95 | 0.38 | 0.43 
6 | Toluca (Hamburg). | 0.16 | 0.196 | 0.07 | 0.031 | very | 0.22 | 2.65 | 0.18 | 2.11 
large 
Ti Uwet-.. ..2. . . | -0.17 | 0.110 |.0.114 | 0.090:|-23(2) |.0:32 | 0.68 | 0.30 | 0.26 


394 F. G. HOUTERMANS 


We shall define as « radiation age » the value 


0 


ee oO | y(t)G(t) dt , 

where G(z, y, 2, t) means the He-production by cosmic radiation as a function 
of time along the path (a, y, z) = f(t) of the meteorite, G its present day 
value for the neighbourhood of the earth, y(%, y, z, t) the ratio He’/(He*+ He*) 
and y, its present value. The theoretical estimates for G and % given by 
different authors are given in Table II. It is fairly safe to assume that y, did 
not change considerably in space and time. 

Matters are very much more complicatec by considering the effects of 
shielding and the fact that He-production is partly due te He-primaries, 
partly to evaporation particles of low energies from nuclear disintegrations. 
caused by secondary particles. The latter part will show a transition effect. 
SINGER predicted a flat maximum of He-production between 2 and 20 cm 
from estimates on nuclear emulsion experiments [16, 17]. MARTIN [18] pu- 
blished an elaborate calculation of He-production based upon our very 
rough knowledge of interaction length of cosmic ray primaries. their intensity 
and energy distribution. He obtains a curve for He-production with a max- 
imum at 8.6 cm below the preatmospheric surface of the meteorite, the 
maximum production occurring at the center of a sphere of 8.6 cm radius and 
being 1.56-10-7 cm? He/Ma-gFe, the variation between a distance 0 and 
30 cm below surface being only less than 20%. For maximum present He- 
production below a surface of a very large meteorite the authors mentioned 
obtain the estimates given in Table II. 


TABLE II. 
BAUER SINGER MARTIN 
He in 10-38 cm*/Ma-gFe .. .'. = 0.27 5,0 -+ 1,5 7,8 
He?/(He* + He?) CAS sa ae on = | 30 Gi» 5 22,5 
He in’ 10-98 cm*/Ma:-gHe. . .°. ses | 15 1575 


Another uncertainty is introduced by our lack of knowledge about the 
preatmospheric size and form of meteorites. Some fell in showers, some split 
into many pieces during their fall, or upon impact on the earth. Basing on 
calculations of HoPPE [19] and the theoretical and experimental work of 
WHIPPLE [20] Martin has worked out the ratio between preatmospheric 
and final radius of meteorites in dependence on geocentric velocities and final 
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Frequency Dependence 


The most important future tests on pulse shapes, however, may be the exami- 
nation of their frequency dependence. This is because ‘‘pencil beams” seem to be 
produced most naturally by thermal radiation of strongly magnetized matter, and 
some frequency-dependent properties can be predicted in such a case. Then, with 
the notation of FIGURE 1, the intensity of the a-mode radiation from the mound 
surface in the direction k can be expressed as 


1,°(6) = J S(w,T) exp (- Ae in) Ke gr. (3) 
K Ku 

The integration is performed over the optical depth through the deceleration 
regions beneath the mound surface, where most of the polar radiation is emitted. 
K,, is the opacity of the a-mode radiation (a = 1 for the X mode, and a = 2 
for the O mode), K is the average opacity, S(w, 7) is the source function, and 
pu = cos 0($). Some useful insight is gained by noting first that the greatest con- 
tribution to the a-mode radiation in Equation 3 derives from the depth /, beneath 
the surface, where 7, = fo K,(H)p dl, = 1.The opacity of the O waves K,(#) is 
equal to K,(0) for a wide range of directions, except within a cone along H with 
$ < dè = V2w/wyo, where it is reduced by the factor (0/wpo)", whereas 
the opacity of the X waves is reduced by nearly the same amount in all directions.” 
Therefore, a situation may arise for photons with w « ko, where 7, 
T(O mode) 2 1 in most of the deceleration (radiation) regions, whereas 7, 
7(X mode) « 1 in the entire regions. This condition can be satisfied for photons 
of < — 5 keV if Ho = 5 x 10!°G (paper II).!* Then, the generation of the X waves 
is greatly suppressed, because they are far below the Planckian value, and most 
of the outgoing radiation is in the form of the O waves, with the largest contribu- 
tion from the depth /, with 7, = 1. With the magnetic effect alone, radiation 
escapes mainly in a cone along H with $ < @;, where the matter is practically 
transparent. However, if radiation comes from some depth beneath the surface, it 
tends to be more radial, in a narrow cone along the normal # to the mound surface 
(FiGURE 1). The final beaming, therefore, is determined by the delicate balance 
between these two factors, and integrations over angles and depths have to be per- 
formed to determine actual pulse widths (paper II).' However, preliminary re- 
sults are consistent with the NASA results! that show somewhat narrower pulses 
for <3 keV. However, it may be cautioned that the plasma effect is no longer 
negligible for hw < — 1 keV. Circumstellar matter may also play a significant role 
for these soft x rays.” 

As the photon energy increases, the factor (w/wyo)” increases, and a point 
may be reached at which the condition r, > 1 is satisfied in some deeper and 
denser layers in the deceleration regions, so that the X waves are also generated 
efficiently. Our studies show that this phenomenon can occur when the photon 
energy is> ~8 keV if Ho = 5 x 10"°G (paper II).! Because temperatures are 
expected to be higher in these deeper layers, the X-mode flux exceeds the O-mode 
flux. The X-mode radiation is originally isotropic, but it becomes generally radial 
by the time it leaves the surface, due to the depth factor. In this case, the pulse 
width is determined mainly by the geometry of the mound. Depending on the rela- 
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As has been pointed out by SINGER, who has done this calculation from 
Paneth’s figures on Bethany, it seems very satisfactory indeed that radiation . 
ages even for. type II meteorites, are but by a factor 7 to 250 smaller than 
their radioactive ages known experimentally within certain limits. 

This seems definite evidence for the fact that cosmic radiation, if assumed 
to have been constant and its He? production had the value estimated theore- 
tically has lasted for at least 1-10 million years. 

These considerations could be made much more reliable, if experimental 
values for tritium and He? production and its ratio to He* production in me- 
teorites could be used instead of theoretical estimates. There are various 
ways to attack this problem experimentally. 1) To measure He?/He* in 
type III meteorites (which contain so little He that radioactive production 
can be neglected [18]. 2) To measure actual tritium content in a freshly 
fallen iron meteorite, together with He-content and He*/He*ratio, if possible 
in the same portions of the material. This will give a direct determination 
of radiation age, since it seems that direct emission of He? in nuclear disin- 
tegrations is small in comparison with H® emission [16, 17]. 3) Flying ali- 
quots of meteorite material at high altitudes in successive flight in order to 
obtain the relevant figure [17]. 4) The most promising experiment seems bomb- 
ardment of aliquots by the fast proton and neutron beam of the cosmotron 
or any other accelerator with energy of the order of 1 GeV. This would give 
a good enough picture for a basis of further calculations on the nucleon cascade 
in Fe up to primary energies since most of the production of He? and He 
will occur at the evaporation phase of nuclear disintegrations rather than at 
very high energies. 

Another possible argument which may lead to an experimental estimate 
of the average He-production near the surface of a large meteorite during the 
past 30-100 Ma, can be derived by a comparison of Paneth’s figures for He- 
content and He?/He‘-ratio on the Toluca- (Xiquipilco-) iron. Two samples of 
this iron, Toluca (Hamburg) and Toluca (Durham) have been analysed, the 
first representing a typical example of type II and the second of type I. 
They both seem to be pieces of a very large meteorite and we may interpret 
the difference in He-content and isotopic ratio to shielding in the Hamburg 
sample, while the Durham sample seems to belong to a place near the pre- 
atmospheric surface. This conclusion is confirmed by the fact that both He- 
content and ratio are near the values for the Carbo meteorite for which agree- 
ment with theoretical depth dependance has been established on this assumpt- 
ion experimentally and the figures taken from different points of the Durham 
sample show only slight variation. If we assume the radioactive age limits 
given by PANETH for Toluca (Hamburg) also to be true for the Durham sample 
we may calculate the average He? production during its lifetime. The limits 
obtained are 49 to 144-10-? cm? He?/Ma-gFe, the first value for the max- 
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' imum, the second for minimum radioactive age, the first being slightly prefer- 
able. These values are by a factor 3 to 9 higher than the theoretical estim- 
ates given in Table III. 

MARTIN seems to prefer the conclusion, to which he arrives from slightly 
different arguments, that average intensity of cosmic radiation was by a factor 3 
higher than at present, assuming a catastrophic origin of all meteorites at a 
time of the order of 100 Ma, with the exception of type III meteorites, since 
all radioactive agens seem to be of this order of magnitude. He offers two 
explanations for this fact. a) The excentric orbit may bring the meteorites 
into regions of higher intensity if the low energy cut off in the spectrum of 
cosmic radiation is due to a permanent magnetic field of the sun, which is 
rather doubtful. b) There may be a connection of cosmic radiation with the 


appearence of a rare type of supernovae as has been postulated by several © 


authors as JORDAN and HoyLE [21, 22]. It should. be emphasized how- 
ever that the discrepancy between average He? production from the theoretical 
estimates of Table III, which are based on calculations of LE COUTEUR and our 
very scarce nuclear emulsion-data on AgBr, can by no means be considered 
to be safe at the present state of evidence by a factor 3 or even 10. It would 
therefore seem rather premature to draw any definite conclusions from this 
fact about the origin of meteorites or of cosmic radiation or its intensity va- 
riation during the past 100 Ma. Concluding we may state we have definite 
evidence a) for the fact that cosmic radiation has lasted at least for a period 
of a few million years along the path of type II meteorites if constant intensity 
and spectrum is assumed at present day value of the theoretical estimates, 
b) that all evidence on He-production in meteorites can be explained by as- 
suming constant intensity, an age of all meteorites of type I and II of the 
order of 50-100 Ma and a present day production of He? of 4.9-14.4-10-§ 
cm*He?/gFe-Ma along their path. 


4. — Conclusions from Tritium and He? content in the earth’s atmosphere. 


Very little can be said at present about a very interesting field of invest- 
igation connected with the tritium and He* content of our atmosphere which 
may lead to evidence about the existence of cosmic radiation up to an age 
of the order of 1-10 Ma on the earth. There cannot be any doubt that He 
is continuously being lost by the atmosphere. If we estimate that all igneous 
rocks that have lost their A‘ produced by decay of K* also have lost their 
He‘ to the atmosphere, a content of 5.8 g/cm? of He‘ should be present in the 
atmophere while it actually amounts only to 7:10~* g/em? [23]. The ratio 
He?/He* in the atmosphere is 1.2-10- and the amount of He? in the atmo- 
sphere is 0.84-10-!° g/em?. An estimate of tritium and He?-creation based 
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upon the number of neutrons created per unit time, ANDERSON and LIBBY’s 
data on C4 and a plausible production ratio of (H*+He*)/neutrons for stars 
from air, could be made in a manner analogous to the theoretical estimates 
given by SINGER and MARTIN for iron. Present tritium creation may be 
checked by a tritium survey of water, and is in fact in progress in Libby’s 
laboratory who has found a tritium concentration of the order of 10-!8 in 
rainwater, varying with locality [24]. The reasons for these variations are 
obviously that the atmosphere, hydrosphere and biosphere which can be 
considered as mixed well enough within the mean life of C14 cannot be con- 
sidered as mixed within a time comparable with the 11 year halflife of 
tritium. 

Another important figure which enters these calculations is the loss of He* 
by the atmosphere. PANETH has estimated, that He‘ in our atmosphere amounts 
to the quantity of radioactive He released from the lithosphere within 10 
Ma, while RoGERS estimates a release of 0.3-1-10-* g/em?-Ma [25, 26]. 
Unfortunately very little is known about the actual mechanism of Helium loss. 
from the atmosphere. If kinetic energy of He atoms is in some kind of equi- 
librium which is defined by a temperature 7 at the top of the atmosphere 
the ratio of the escape probabilities for He? to that of He* would be given 
by a factor R 


where Am is the mass difference and v, the escape velocity from the earth. 
It is quite clear that the temperature 7 must be considerably higher than the 
temperature generally assumed for this region of 500 °K [27] since otherwise 
no escape for He* would be possible. For 500 °K R would be of the order 
of 5-10'% If on the other hand escape is due to impacts of the second kind 
of metastable states of atoms or molecules with He, the momentum imparted 
to a He atom could be large enough for escape and in this case È would be 
of the order 1. Since this case seems to be the most probable one at present, 
the amount of He? present in the atmosphere would give some evidence about 
the presence of cosmic radiation on the earth since times of the order 1-10 Ma, 
but certainly no more. It is not worth while giving more detailed calculations 
about He? production and escape in the atmosphere at the present state of 
evidence, since most relevant figures are unknown, but this way of approach 
seems quite promising, because the necessary data can be obtained by the 
experiments indicated. Also in this case data from the cosmotron on the 
ratio of neutrons (H°-+He?)/n obtained about 2.2 GeV from oxygen and 
nitrogen would be of great value. 
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5. — Possible radiation damage to solids by irradiation. 


The ionisation in solids of sufficient size to absorb secondary radiation 
near the earth can be calculated from experiments on primary cosmie ra- 
diations, its value is given by VAN ALLEN [28] as 5.4-107 ion pairs/cm? air-d 
or 26 m/d = 10° roentgen/Ma. Assuming ages of 1-100 Ma for meteorites 
from data given in Part 3, observable radiation damages in crystals which 
show such effects could be detected. In case tectites are to be considered 
as meteoritic material, they are also likely to show radiation effects, since 
colouring in glasses are obtained by doses of the order of 10°10’ roentgen. 
Of course fading might destroy such effects and therefore it is not certain 
whether an (J-t)-law can be applied. Yet the question of radiation damage 
in meteoritic material seems an interesting field of investigation. 


II. — THE DISTRIBUTION OF «-RADIOACTIVITY 


IN ROCKS AND MINERALS. 


The study of the distribution of radioactivity in rocks and minerals presents 
a very wide field of research especially for small laboratories and is liable to 
give us important information in the field of geochemistry, geology and geo- 
chronology, as a method of detection more sensitive than any other method 
for the detection of radioactivity. : 

The method has been suggested in practically all its implications by BA- 
RANOV and KRETSCHMER [29] and its use has been treated by I. CURIE 
[30]. Other important papers in this field are CoPPENS [31], H&E [32]. The 
most systematic use of the method in analysis of the carriers of «-activity in 
rocks has been given by PiccroTTo [33], who also gave a general survey of the 
techniques employed. Some technical data may also be found in the book 
by YAGODA [34]. 

The following methods are applicable: 


1) Placing polished surfaces or thin sections against nuclear emulsions. 
2) Pouring liquid emulsions on thin sections [35, 36]. 
3) Placing fine powder between plate and stripped emulsions. 


4) analyzing liquids of suitable p, = 6.8 by either: 


ag 
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a) soaking the plate (suitable only for relative measurements); 


b) placing drops of known volume on plates, covered with stripped 
emulsions or liquid emulsion. 


6. — Minerals with relatively uniform distribution of active elements. Examples: 
zircon, monazite, highly active U- and Th-minerals, lavas, certain basic rocks. 


It is possible to examine the uniformity of the distribution by checking the 
Poisson distribution of the number of tracks over a defined area. This method 
is only applicable if the material is uniformly distributed over areas the di- 
mensions of which are large in comparison with the length of «-tracks in 
emulsions. Similar work with volcanic lavas has been done by several authors 
[37, 38, 39]. BuUTTLAR and HOUTERMANS [40] have given methods to mea- 
sure instead of the somewhat laborious range statistics itself, the statistics of 
the range projections on the plane of the plate in order to determine the 
absolute activity and the ratio Th/U for «-thick sources assuming equili- 
brium of all «-emitters. 

With this technique it is possible to determine the ratio Th/U in a homo- 
geneous material with an accuracy of 10-12% if it is of the order of 1 to 10. 
But it is very difficult to use range or range projection statistics for the measu- 
rements of a small admixture of the Th-series in a material containing mainly 
the U-series in equilibrium or vice versa. In these cases the photographic 
method on a material which is thick compared with the range of the «-particles 
is inferior to the usual counting methods or the methods using chemical separ- 
ations. Using liquids, the ratio Th/U however can be determined by. means 
of counting the ratio of RATh- to Ra-Stars [41]. 

By means of the photographic method it was found, that even in mono- 
erystals, like large zircons or monazites in which U and Th seem to be more 
ore less evenly distributed, slow variations of activity may be observed, or 
different phases of crystallization with different activities may exist. They 
also show up in the external structure of the crystal or by fluorescence in 
ultraviolet light [42]. These slow variations of activity in crystals are 
called activity « clouds ». 

Other cases of slow variations of activity are due to radioactive decay of 
elements of relatively short halflife in sediments. Manganese nodules which 
are found in the deep ocean have a rather high activity of Ra in their outer 
layers which is due to a coprecipitation of Ra with MnO, and the rate of growth 
of such a nodule could be determined as 1 mm/1000 years by means of the 
photographic method [43]. The same method using extraction of Th and 
Io with UX, as indicator has been used for the measurement of Io in dif- 
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ferent depths in deep sea sediments in order to measure the rate of precipit- 
ation [44]. 


7. Activity distribution in inhomogeneous rocks. 


We get a quite different picture from rocks, especially from granites- 
Several granites have been carefully analysed by the authors mentioned above 
and they show a very spectacular nonuniformity of activity distribution. 
It seems that both U and Th present in granites are confined to certain 
« carrier » minerals, as zircon, sphene, apatite, which themselves are only pre- 


sent in minute quantities in the rock. For a typical granite from Lac Blane 


(Vosges) f.e. Picctorro found that 30% of the activity is contained in zircons 
representing thus only as little as 10-4 of the material. The activity of these 
inclusions therefore may be quite high, having a specific activity corresponding 
to 1-3% gU/g! This demonstrates clearly therefore that the so called « ubi- 
quity » (VERNADSKY) of the elements Th and U is a mineralogical and not 
a chemical phenomenon. This fact is of the geratest importance theoretically 
as well as—-possibly in the future—practically. Its theoretical interest lies 
in the fact that the active inclusions, especially those of zircon may—if isolated 
mechanically—be of great value for age determinations. They also could be 
used as an indicator for the history and genesis of particular rocks, both 
granites and sedimentary rocks. 


8. — Radioactive age determinations by the photographic method. 


The photographic method is applicable for age determinations by means 
of the RaD method [45, 46] for very small quantities of radiogenic Pb, as may 
be found for instance in the zircon inclusions in granitic rocks. In order to 
be reliable, any age determination by the U/Pb or Th/Pb-method must involve 
of course the use of a mass spectrometer. Mass spectrometric measurements 
on quantities of Pb of the order of a few micrograms have been achieved by 
INGHRAM [40, 42] but a measurement of the chemical ratio U/Pb to 
a precision of a few percent on microgram quantities is extremely difficult. 
The RaD- and ThB-methods employ the measurement of specific activities 
of these isotopes on a known quantity of lead, but no quantitative Pb-analysis 
is necessary for this purpose. If sufficient Pb is available this is done practically 
by measuring the equilibrium Bi?” (RaE) or ThB +C-+O" B-activity by means 
of counters but.on very small quantities also the activity of Po (RaF) growing 
from the Pb-solution can be measured by counting Po-«-tracks on photo- 
graphic plates covered with stripped emulsions. In this way an age deter- 
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mination has been done in 0.6 ug of Pb [47, 48]. For the Th-B-method the 
photographic method can also be employed by measuring the tracks from 
ThC+ThC' during the total decay of ThB. 


9. — Colour- and Pleochroic Halos. 


It is well known that radioactive inclusions cause pleochroic and colour 
halos in certain mineral components of rocks especially in biotites. The 
« blackening » curve of the biotite may be measured by means of strong radio- 
active sources and photomultipliers, and the activity of the inclusions may 
be measured by the photographic method. Counting the «-tracks from a 
given inclusion in a halo one can obtain in this way an estimate of the age 
of the halo. This method will hardly give very precise results, but it may 
well serve in certain cases to decide whether a granite is of tertiary or variscan 
origin [49]. This method is rather interesting in so far as it is well known 
that colour halos disappear at temperatures of 300-400 °C and this method 
therefore will give the time of re-heating if the rock was submitted to high 
temperatures during its history, if its age can be obtained from other evidence. 


10. — Localization of inactive elements by the photographie method. 

Other elements also can be localized in rocks, minerals and even in organic 
materials by means of the photographic methods besides those belonging to 
the radioactive series. The samples in this case are bombarded together with 


the emulsions with neutrons from a strong neutron source, or by placing the 


thin section, covered with emulsion near a neutron pile [50]. This method 
is applicable in principle to all those elements which give (n, x) or even (n, p) 
reactions with thermal neutrons. The method has been used to localize lithium 
and boron. U and Th also are detectable by their fission tracks from neutron 
bombardment [51]. These methods in which the emulsion itself has to be 
subjected to strong neutron bombardment is rather limited in its use by the 
fact that y-rays and f-radiation from artificial radioactivity does not allow 
sufficiently long exposures. 

In one case however artificial «-activity is obtained and has been employed 
for the localization of Bi in minerals. Slow neutrons are captured by bismuth, 
though with a very small capture cross-section of only 15 millibarn, forming 
Bi?!9, which is identical with RaE and decays into Po?! with a halflive of 
138 days. Therefore very small traces of Bi are detectable, since pile irradiat- 
ions up to a few hundred days are possible. There is no other background 
in this case than natural «-activity which can be determined with the same 
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thin: section before neutron bombardment. The method gave spots of me- 
tallic Bi in a sample of a quartz mineral exposed for 14d in the Harwell 
pile and Po-tracks were visible already after an exposure of the emulsions of 
20 s [52]. 

Nothing has been said here on the autoradiography with f-active elements. 
This has been done successfully, especially by the Genoa group, but the 
procedure is considerably more difficult, since counting of f-tracks is much 
more laborious and has so far not been employed for systematic research 
on rocks. 


III. — DETERMINATION OF THE AGE OF THE EARTH 


FROM THE ISOTOPIC COMPOSITION OF METEORITIC LEAD (*). 


Summary. — Under the assumption that a) the isotopic constitution of 
lead at the time of the formation of the lithosphere is represented by the 
figures found for lead from the troilite phase of the Cafion-Diablo meteorite 
[55] and b) the majority of tertiary lead ores analysed for isotopic constitution 
has been formed according to the simple model of primary origin, the age 
of the lithosphere w, follows as w= 4,5 + 0.3:10% a. 


(*) The third of the three lectures read to the Varenna School in August 26th 1953 
is given in Nuovo Cimento [53], partly are given in an invited paper read at the 
meeting of the Italian Physical Society in Cagliari on September 18th 1953 which is 
going to be published shortly in the Proceedings of this meeting as a Supplement [54]. 
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On the Interaction of Fast u-Mesons with Matter. 


E. AMALDI 


Istituto di Fisica dell'Università - Roma 
Istituto Nazionale di Fisica Nucleare - Sezione di Roma 


From the low rate of absorption by light elements of negative u-mesons 
at rest [1], it was concluded that these particles have a very weak interaction 
with nucleons [2]. The investigation of the emission of neutrons [3] and of 
production of stars following the capture of u-mesons at rest in medium and 
heavy elements, [4] has allowed it to be concluded [5] that the elementary pro- 
cess involved is the following 


(1) Us SPINEA 


where n is a light particle (possibly a neutrino), which takes away, as kinetic 
energy, almost all the rest energy of the absorbed u-meson. From the ex- 
pression given by TIomNo and WHEELER [5] for the probability of capture 
of a slow u-meson, one can evaluate the cross-section for interaction of fast 
v-mesons with nucleons, which turns out to be of the order of 10-38 cm?/nucleon. 

Therefore process (1) can not contribute to any practically observable pheno- 
mena produced by fast u-mesons, at least with the intensity available to-day 
for these particles. It follows that the experimental investigation of the inter- 
action of fast u-mesons with nuclei can give information only on their electro- 
magnetic interaction and, possibly, on some other interaction which could be 
of importance only at high energy. 

Very few experiments on the interaction of fast u-mesons, have been made 
at sea level. Usually it is convenient to make the observations under a 
layer of matter of at least 20 meters of water equivalent (m w.e.), which is 
sufficient to eliminate the other components of cosmic rays and to leave a 
radiation which is composed of u-mesons and their secondary particles (*). 


(*) Such an argument is correct as long as u-mesons are the only particles present 
in cosmic rays which have a rather long mean life and a very weak interaction with 
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Before reporting briefly on these experiments, it is perhaps convenient to 
summarize the evidence on the fact that the ionizing particles observed at a 
certain depth underground are the same particles which, produced in the 
atmosphere, have penetrated all the superimposed matter: 


1) The rate of absorption of ionizing particles observed in 1m of Pb 
placed at a depth of 1600 m w.e. is equal to the rate of absorption of the 
cosmic radiation in the superimposed layer of rocks [6]; 


2) The great majority of the penetrating particles observed underground 
are time coincident with an extensive air shower observed at sea level [6]; 


3) The positive excess of ionizing particles observed at 50 mw.e. in a 
given momentum interval, is equal to the positive excess observed at sea level 
for particles whose Ho corresponds to the same momentum interval, making 
use of the range-momentum curves [7]; 


4) The rate of charge-exchange processes in which a hypotetical pene- 
trating neutral particle is transformed underground into a charged one, is 
negligible at least at a depth of 50m wee. [8]. 


As a conclusion we will assume in the following that all the ionizing pene- 
trating particles observed underground are u-mesons which have been pro- 
duced in the atmosphere and have crossed all the superimposed layer of matter 
accompanied by their secondary particles (electrons, neutrons, protons, 
T-Mesons, ...). 

Table I contains the cross-sections for various phenomena produced by 
u-mesons at depths between 20 and 60 m w.e. 


TABLE I. 
ae 
| Cross-section (cm?/nucleon) for production of 


| 


| neutrons stars ISP, showers | 


PS 0:5 10-2% | Guest Omee PS EOS O 

The following comments can be made on Table I. The cross-section for 
production of neutrons is that given by the Coccont’s [9], and could be 
affected by a rather large error because it has been deduced by comparing 


matter. If some other particles exist in cosmic rays with a sufficiently low interaction 
and a sufficiently long life, they would also be present in the radiation observed under- 
ground: one has to notice that the life which is of importance in such a consideration 
is that in the laboratory frame of reference. 
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the observed number of coincidences between at least 2 (out of 12) borontri- 
fluoride counters, with the calculated number of u-mesons incident on a layer 
of Pb or Al. Such a procedure needs the introduction of a large correction 
factor due to the fact that only about one half of the observed processes of 
production of neutrons are initiated by a u-meson, while the remaining are 
due to the neutrons produced by u-mesons in the superimposed and sur- 
rounding matter. 

In a recent experiment of the Washington University group briefly reported. 
by Prof. SARD [10] at the conference of Bagnères de Bigorre, this inconvenience 
is eliminated by putting the borontrifluorid counters in coincidence with a tele- 
scope of Geiger counters which selects processes of emission of at least one 
neutron due to an incident penetrating ionizing particle. From such an expe- 
riment one gets only the eross-section for production of neutrons multiplied 
by the average number of neutrons emitted, which last depends on the expe- 
rimental conditions determining the importance of secondary processes with 
emission of further neutrons. From a rough evaluation of the number of 
emitted neutrons per process, one gets a cross-section of about 


(2) 3-107-?9° em?/nucleon . 


The cross-section for star production (Table I) is that reported previously by 
GEORGE and Evans [11] and was obtained by means of the nuclear emulsion 
technique. About 30% of the stars due to ionizing primary particles, show 
a number of shower particles varying between 2 and 8 [12]. Therefore the 
cross-section for production of penetrating showers (of 1 or more penetrating 
secondaries) turns for out to be 


(3) (1/3):5-10-5° ~ 1.5-10-5° em2/nucleon . 


Furthermore if one takes into consideration only the stars which show 2 pe- 
netrating particles (presumably the incident particle + one single secondary 
particle) one gets for such a process a cross-section of about 


(4) 5-10-31 em?/nucleon . 


Such an event would appear in a cloud chamber as a pair of associated penet- 
rating particles (a.p.p.) for whose production various authors have reported 
a cross-section about 100 times larger than the values (4), [13, 19]. 
Successive experiments [14] with Geiger counters have shown that if a 
phenomenon of production of pairs of associated penetrating (particles) exists: 


1) the secondary particle has a rather strong interaction with matter 


Nor a) 
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and therefore cannot be a u-meson, as previously suggested [13] while it could 
_ be a x-meson [15]; 


2) the cross-section for production of a.p.p. with the secondary crossing 
| at least 15 cm Pb is certainly smaller than 


(5) 5:10-*° em?/nucleon 


and possibly much smaller; 
3) the cross-section for production of a.p.p. with the secondary crossing 
at least 5 cm Pb, is certainly appreciably smaller than 


(6) 2-10-?° em?/nucleon . 


More recently various authors have performed further experiments with a 
«cloud chamber containing one or more Pb plates. The results are summarized 
in Table II presented by LovatI at the Conference of Bagnéres de Bigorre. 


TABLE II. 
x = e i wees F 
Number | Showers of 2 p.p. | 
| ; Meters | : | 
Author of penetrating | produced in the 


of Pb crossed | plates (ap.p.)vl 


x LA on gs DE 


| 
| | particles observed 


HESS Ile] 3114 | 352 1 


WALKER [17]... .:- | 3500 87 | 0 
| DEUTSCHMANN [18] . .. | 3575 422 | 0 
i eGHhorGE 9a ea 3870 "TIT, 3 


(*) The data reported here refer only to the a.p.p. produced inside the cloud chamber. 


These results as well as those of a second series of measurements of LOVATI, 
Mura, Succi and TAGLIAFERRI [16] confirm that the cross-section for pro- 
duction of a.p.p. is not larger than a few units in 10-# cm?/nucleon. There- 
fore it can be concluded that the a.p.p. observed with cloud chambers and 
counters hodoscopes are not necessarily due to a new phenomenon but are 
probably identical with the stars with two shower particles observed in nuclear 
emulsion. 

Finally the cross-section for production of penetrating showers given in 
Table I [14] is much smaller (by a factor of 10) than that reported previously 
by other authors [20]. 

It corresponds to showers discharging at least two counters after having 
crossed 15 cm Pb. 


= È 5 Z . i GA - A E ; E 4 
ON THE INTERACTION OF FAST U-MESONS WITH MATTER 409 


410 ; E. AMALDI 


Considering that one of these two counters is discharged by the primary 
u-meson, while the other could be discharged by a low energy photon [21], 
one cannot exclude that some of the so called penetrating showers are in 
reality simple electron showers. 

A numerical calculation taking into account the probability of production 
of knock-on, bremsstrahlung and pairs of electrons by high energy u-mesons 
and the development of the corresponding electron shower, shows that the 
expected number of events of this type is of the same order of magnitude as 
the observed one. A more definitive conclusion on this point cannot be de- 
rived at this moment mainly on account of the rather large uncertainty 
affecting all calculations on electron showers. 

In order to see if the interpretation of the experimental cross-sections for 
production of neutrons, stars, a.p.p. and penetrating showers needs or does 
not need the introduction of a new interaction between u-mesons and nucleons, 
one can calculate the cross-section due to the electromagnetic interaction of 
the incident y-meson with the mesonic field of the nucleon. Namely, following 
the procedure of Weizsicker-Williams, one can introduce the spectrum N(e) de 
‘of virtual photons representing the electromagnetic field of the incident u-meson 
of energy H,, and calculate the cross-section for production of a ~-meson by 
means of the integral 


(7) 7 = foy(B)N()de, 


Emin 


where o,,(¢) is the cross-section for photoproduction of a x-meson by a photon 
of energy e, and ¢,,, is the threshold energy for such a process (~ m,c?) [22]. 
Unfortunately the experimental results on o,,(e) refer to energy not larger 
than 600 MeV while the energies involved in the experiments at 50 m w.e. 
are of the order of a few GeV. 
If one makes use for o,,(¢) of the theoretical calculations of ARAKI for the 
pseudoscalar theory with pseudoscalar coupling [23], one gets, from eq. (7), 


(8) o~10-?® em?/nucleon . 


The r-meson produced in such a process can successively be reabsorbed 
in the same nucleus giving rise to an excited nucleus which can emit a few 
neutrons or give a Star. 

From the comparison of such a value with the cross-sections reported pre- 
viously for production of neutrons, stars and penetrating showers, one can 
conclude that for u-mesons of energy of the order of 10 GeV there is not evi- 
dence of the existence of interactions with nucleons different from the electro- 
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| magnetic interaction (and the interaction involved by process (1) which, as 


already mentioned, has no practical importance in the high energy region). 

Some doubt about the correctness of such a conclusion can be raised on 
the basis of recent experiments on the scattering of fast u-mesons in lead. 

The problem of the scattering of u-mesons has already been investigated 
a long time ago [24]. A few years ago [25] by observing with a counter hodo- 
scope the penetrating particles scattered in an iron plate at an angle larger 
than 20° it was concluded (under the assumption of isotropic or almost iso- 
tropic distribution of the scattered particles in the center of gravity frame 
of reference) that the cross-section for a hypothetical anomalous scattering, 
had a probability of 90% of being smaller than the values given in Table III. 


TABLE III. 
| Kinetic energy | Cross-section 
(MeV) | (cm?/nucleon) 
200 < T< 320 | 5x 10-9 | 
| 


| 3300, 7 | 2x 10-39 


More recently WHITTEMORE and SHUTT [26] in a cloud chamber experiment 
with magnetic field, have shown that positive and negative u-mesons in the 
momentum range 0.3-3.1 GeV/c scatter in a Pb plate more than expected 
according to the usual coulomb scattering. A better representation of the 
experimental results is obtained if one makes use of the coulomb scattering 
formula for a point-charge nucleus than for a nucleus of the usual finite di- 
mensions (R = 1.4-10-184? em). The existence of a rather large number of 
scattering expecially at angles and for energies both not too large, has also 
been confirmed by other authors operating cloud chambers without magnetic 
field at sea level [27] and underground at 60 m w.e. [19] and by other authors 
with emulsion technique exposed underground [28]. 

If the excess of scattering is due to some new interaction of the mesons. 
with nucleons, the corresponding cross-section would turn out, according to 
all the above mentioned authors, of the order of 2-10-?* cm?/nucleon. On 
the other hand in a cloud chamber experiment at sea level WALKER [17] esta- 
blishes an upper limit of 2-10-?° cm?/nucleon for the scattering of u-mesons 
in carbon at angles larger than 5°. All these data seem to indicate the exist- 
ence of a scattering of u-mesons by nuclei which has a behaviour very si- 
milar to that of the coulomb scattering: 


a) apparently it increases by increasing Z; 
b) it is concentrated at angles not too large; 


c) it has the same value for positive and negative u-mesons. 


< 
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One could hope to explain the experimental results by taking into account, 
beside the coherent scattering of u-mesons by nuclei, the incoherent scattering, 
i.e. the scattering with excitation of the nucleus [29]. 

A detailed calculation made recently in the Born approximation for a 
lead nucleus, shows that such an effect cannot justify the observed experi- 
mental results [30]. Therefore it must be concluded that on the one hand the 
experimental results must be improved in order to establish the dependence 
on Z, sign of the charge and angle of the observed excess of scattering, on 
the other hand one has to investigate the approximations involved in the 
usual coulomb scattering calculations and the nuclear models adopted for + 


‘such a comparison. 
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SEZIONE V 


Alcune questioni riguardanti la Fisica dei mesoni x. 


Some Aspects of x-Meson Physics. 


Y. GOLDSCHMIDT-CLERMONT 


Laboratory Group, European Council for Nuclear Research 


I. — INTRODUCTION 


Much progress was made in our knowledge of the properties of 7-mesons 


since their discovery in 1947. Many facts were first established by cosmic. 


ray experiments. The possibility of producing x-mesons artificially in large 
numbers has opened the field to more refined means of experimentation. These 
have given us precise information on many properties of the mesons which 
are at least qualitatively understood on a theoretical basis. The quantitative 
theoretical interpretation of meson physics is still far from satisfactory, much 
more experimental work will be necessary to shed more light on this difficult. 
field. 

As an introduction, the properties of m-mesons will be briefly reviewed, 
by adopting a classification where systems of increasing complexity are suc- 
cessively considered: one 7-meson alone; one nucleon alone; one x-meson with 
one nucleon; one z-meson with one nucleon and one y-ray; one m-meson with 
two nucleons; and more complex systems [1]. 


Properties of the x-meson considered alone. — The following properties of 
the meson are well known: 


Mass: The positive and negative 7-meson have probably equal masses 
positive meson [2] m_+ = 273.4 + 0.2 
negative meson [2]  m_= 272.5 +0.3 
mass difference between negative and 
neutral meson [3] MW MAZZO 


(All these figures are in terms of the electron mass). 
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Decay: The positive and negative x-mesons decay into a u-meson of 
4.12 MeV and most probably a neutrino. 

A small fraction (2-10~‘) of the z-mesons decays give u-me- 
sons of lower energy than indicated [4]. The direct decay of 
the x-mesor into an electron has probably not been observed: 
an upper limit for occurrence of this mode of decay is about 
1/1000 [5]. 

The neutral mesons decay into two gamma rays. Alterna- 


tively, it can decay into an electron-positron pair (one in more 
than 2000) [6]. 


Lifetime: The lifetimes of the positive and negative m-mesons are pro- 
bably equal: 
Positive -meson [7] 2.53 + 0.10-10-8 s 
Negative x-meson [8] 2.92 +0.32-1078 s 


Neutral 7-meson [9]. Probably between 10-14 and 10-15 s. 


Spin: The spin of the x-meson is zero [10]. 


Isotopic spin: The positive, negative and neutral mesons can be considered 
as the three charge states of a particle of isotopic spin one. 
(In the same way as the proton and neutron can be thought 
as the two charge states of the nucleon of isotopic spin 1/2). 


The nucleon and the meson field. — As is well known, the existence of a 
particle today called meson was theoretically predicted by YUKAWA before it 
was found experimentally, by consideration of the short range property of 
nuclear forces. The exact form of the YUKAWA hypotesis, and its tribulations 
during the years, are not to be considered here, but its basic foundation can 
perhaps be schematically expressed as follows. 

We are accustomed, in classical physics, to the concept of field. Forces 
between bodies are not attributed to actions at a distance, but to the pro- 
pagation of a field from point to point at a finite velocity. In electromagnet- 
ism, for instance, this mechanism is expressed by the retarded potentials. 
The notion of field can be transposed into quantum mechanics; the quantum 
conditions impose new properties to the field, one of the most striking and 
fundamental beeing that now specific particles are associated to each type 
of field (as for instance photons are connected to the electromagnetic field). 
The forces between bodies can be expressed as due to particles flying back 
and forth between them. We must expect, according to this fundamental 
concept, that the nuclear forces be associated with certain particles. Trying 
to specify a little more the nature of this association, it can be shown that 
the uncertainty principle connects the range of the forces with the mass of 
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the particles. In a simplified and schematic way, we can visualize the nuclear 
field of a nucleon as a «cloud » extending to a certain distance 7, the «range » 
of the nuclear forces. According to quantum mechanics, our cloud contains 
particles (mesons) of a certain mass m. However, the uncertainty principle 
forbids us to individualize the particles, as indicated by the relation 


B-i>h. 


The energy of each meson of rest mass m is E > mc? and the meson moves 
in the cloud at a certain velocity, so that ¢ > r/t. Eliminating ¢t and £ we find 
r>h/me. Thus we conclude that the range of the field of forces of a 
particle of mass m is of the order of magnitude of the corresponding Compton 
wave length #/mc. Inserting in this expression the value of the x-meson 
mass, we find #/me = 1.4:10-% em. This figure is indeed of the order of 
magnitude of the range of nuclear forces as indicated for instance by the 
experiments of low energy nucleon-nucleon scattering. 

As the z-mesons interact strongly with nuclear matter, they can most 
probably be identified in this way as being associated with the field of nuclear 
forces. However we cannot expect a complete explanation of the nuclear 
forces from the properties of the 7-meson-field alone, as we know that other 
types of heavier mesons exist. Heavier mesons are associated with forces 
of shorter range, and therefore they play a more important role at high 
energies, but we cannot exclude the possibility that their contribution to 
nuclear forces be also appreciable at low energies. 

Our picture of the nucleon surrounded by a cloud of mesons can be used 
to account for the magnetic moments of the nucleons. The proton and the 
neutron do not have the magnetic moments of Dirac particles (one nuclear 
magneton for the proton and zero for the neutron) but larger values (often 
called «anomalous ») of +2.79 for the proton and — 1.91 for the neutron 
(in units of the nuclear magneton). These can be attributed to the effect of 
the motions of the charged mesons in the clouds surrounding the nucleons. 

The exchange properties and the charge independence character of nuclear 
forces, are accounted for by the properties of the meson field. To a certain 
extent, more quantitative features of the low energy nucleon-nucleon inter- 
actions can also be calculated. But these subjects will not be entered into 
here, aS we will be more concerned with experimental aspects. 


One nucleon and one meson. — The system composed of one nucleon and one 
meson has been studied experimentally in two circumstances: scattering 
and absorption. Experiments on the scattering of mesons by hydrogen will 
be discussed in detail in the lectures of Professor PuPPI. These measurements 
gave already a fundamental result: to bring convincing evidence on the charge 
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independence of nucleon-meson interactions and to focus attention on the 
isotopic spin properties of the m-meson. An experiment on the absorption 
of negative x-mesons by protons and deuterons will be examined in a later 
talk; it established that the x-meson has odd parity with respect to the nucleon. 


One nucleon, one meson, one gamma ray. — As the properties of the electro- 
magnetic field are well understood, the experiment on meson photoproduction 
on nucleons, and on radiative absorption of mesons by nucleons, are probably 
susceptible of simple theoretical interpretation. These experiments will be the 
main subject of the next talks. 


Two nucleons and one meson. — More complex is the subject of production 
of mesons in nucleon-nucleon collision, where the interactions of two nucleons 
with their meson clouds leading to the materialisation of one meson must be 
considered. Theoretical predictions for this process. are still very difficult to 
obtain. Experimentally however, the reaction 


Da pn + d 


has given a very important result, namely, the determination of the spin of 
the meson. By comparing the rate of the reaction evolving in the two oppo- 
site directions, detailed balancing arguments have shown that the spin of 
the meson is zero [10]. 


More complex systems. — Nucleon-nucleon collisions can give rise to more 
than one meson, as indicated by the recent experiments at Brookhaven [11]. 
The question is still open for very high energies: how does the multiplicity 
vary with energy? 

Production of z-mesons in complex nuclei seems to depend strongly on 
the detailed properties of the nuclear structure. It may well be that meson 
reactions will be a valuable tool for investigations on the details of the consti- 
tution of the nuclei. 


Sources of mesons. 


Synchrocyclotron [12]. — The main source of artificial mesons available up 
to now is the synchrocyclotron (see Table I). Only a very few words will be 
said here on the principle of this machine. : It is very similar in desing to 
the well known conventional cyclotron, where ions of rest mass m are accele- 
rated by a radiofrequency electric field, while guided on a spiral orbit by 
a strong magnetic field. A so called «resonance condition » must hold between 
the value of the magnetic field H and the frequency f of the electric field 
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given by 

bias eHV1— p? 

= 2am ; 


It is seen that when the velocity f=v/c of the accelerated particle becomes 
comparable in order of magnitude to the velocity of light, the resonance con- 


TABLE I. — High energy synchrocyclotrons [12]. 


o i 
Pole | Magnetic) Magnet | Pulse | Proton | 
Location radius | field weight | rate energy Notes 


(cm) |(kilogauss)|(10* tons) per s MeV 


Berkeley 235 15.0 CRETINO 60 | 350 | The poletips will be 
changed and the 
energy increased 


| | to 700 MeV 
Rochester 165 17.0 Le Uy pea od 8 240 | In operation 
Columbia 210 17.4 2.4 30-100 385 » 
Chicago 215 18.6 2.2 50-360 | 450 » 
Pittsburgh 180 20.5 15 | 300 440 ) 
Liverpool 200 18.0 1.6 | — 400 | Near completion 
CERNGeneva| 250 a Damian hae 600 | Being designed. 


dition can no more be fullfilled over the whole spiral trajectory. It may appear 
that one could compensate for this relativity effect, by increasing the magnetic 
field toward the outside of the orbit. This is not possible as it produces a 
strong defocalisation of the ions, which hit the walls of the accelerating chamber 
and are lost. Much to the contrary, a focalisation effect is necessary, and can 
be obtained by decreasing the magnetic field toward the outside of the spiral 
orbit. As a bunch of particles is accelerated along its spiral trajectory, it is 
necessary to maintain the resonance condition by changing the frequency. 
The frequency variation is usually achieved by mechanical means, for instance, 
by using a rotating variable condenser. The desired frequency change is 
produced several times per second. The beam of particles is therefore pulsed. 
It is actually pulsed in two different ways: as in a conventional cyclotron, 
particles are accelerated only during 1/4 of the radiofrequency cycle, which 
corresponds to pulses separated by a small fraction of a microsecond. In the 
synchrocyclotron these pulses of particles are not continuous, but appear in 
trains usually a few milliseconds long, according to the rate of frequency mo- 
dulation. As an example, we may quote the following figures relative to the 
Chicago synchrocyelotron [13]: 


dh 
w 
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Field at the center: 18600 gauss. 

Field at 76 inches: 17600 gauss. 

Proton energy at 76 inches: 450 MeV. 

Frequency: 28.6 to 18 MHz, changing 50 times per second. 
Mean beam current (protons): 1 wA. 


The accelerated beam hits a target in which mesons are produced. Let 
us consider for a moment the properties of the phenomena of meson production. 
The simplest case is that of proton-proton collision. (A proton beam bom- 


_ barding a hydrogen target). To be able to materialize into a meson, the 


kinetic energy available in the center of mass system of the two protons must 
be at least equal to the meson rest mass. This requirement fixes the value 
of the threshold for meson production in proton-proton collisions, which is 
given in terms of the energy of the proton in the laboratory system by: 

a Zina Ma 

To, = 2m,C |! ae bi ~ 293 MeV. 

At this energy the meson is produced with zero energy in the center of 
mass system, but as the center of mass system is moving with respect to the 
laboratory, the meson have in the laboratory a finite energy of about 11 MeV 
at threshold. The cross-section for meson production in these collisions is 
found to be about 10-?8 cm?/steradian. 

The production of mesons in complex nuclei is affected by the properties 
of the nuclear structure. The Fermi motion of the nucleons inside the nuclei 
must be taken into account. Some of the nucleons in the target nucleus are 
moving toward the bombarding particle with an appreciable energy. The 
threshold of the meson production is therefore lowered. If the bombarding 
ion is itself a complex nucleus, for instance an «-particle, the Fermi energy is 
available twice. However, meson production is also hindered by the effect 
of the Pauli principle. The recoiling nucleon in the nucleus and the slowed 
down projectile must find final states that are not yet occupied: this condition 
restricts the amount of energy available from the Fermi motion and the abso- 
lute threshold is not easily calculated. Meson production has been observed 
by bombarding carbon by 200 MeV protons. The effect of the Pauli principle 
has also an influence on the ratio of production of the positive and negative 
mesons. It is easily seen that, for instance, production of positive mesons 
is favoured with respect to negative mesons when the incoming particle is 
a proton (while the inverse is true for neutron bombardment). Still must be 
considered the effect of the Coulomb barrier which will shift the negative meson 
spectrum to lower energies and the positive meson spectrum to higher energies. 
As a numerical example, the Chicago beam of 1 uA of protons of 450 MeV, 
bombarding a beryllium target, produces about 4-10!° mesons per second [13]. 
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A target placed inside the vacuum tank of the cyclotron is, of course, in 
the magnetic field and the trajectories of the produced mesons are bent by 
the field. It can be shown that the field produces a certain focalisation effect 
and that mesons emitted at a certain energy into a certain solid angle will 
emerge as a parallel beam, provided the magnetic field decreases sufficiently 
rapidly toward the edge of the magnet. The Berkeley cyclotron, for instance, 
has a strong fringing field, with the effect that all meson orbits are captured 
and experiments with mesons produced at an internal target must be done 
with internal detectors. At Columbia and Chicago, the fringing field drops 
more rapidly, and acts as a spectrometer. Several beams of mesons of dif- 
ferent energies are available. Of course, the production of mesons is not the 
only process occurring in the target. The total cross-section for protons on 
nuclei is about 10! times larger than the meson production cross-section, and 
all disintegration processes contribute to produce a large background of stray 
radiation. 

To protect the experimental arrangements from the background of scat- 
tered neutrons and other disturbing radiations, a thick shielding is used around 
the machine, with open channels 
allowing the passage of the meson 
beams (see fig. 1). The meson beam 
emerging from the channel in the 
shielding is usually further analysed 
by an auxiliary magnet which selects 
particles of « given momentum. As 
a numerical example, we may quote 
the following figures about one of 
the beams from the Chicago machine. 
The analysed beam of negative x- 
mesons of 118+6 MeV contains about 
Fig. 1. — Production of mesons by a syn- 5 or 10% of u-mesons, very few elec- 

chrocyclotron. trons, and has an intensity over a 

surface of 2.52.5 cm of 2500 me- 

sons per second. The negative mesons emitted forward in the target have 

their trajectories bent toward the outside of the field, and escape more 

easily than the positive mesons, which have paths more curved into the mag- 

netic field, and are trapped (Fig. 1.). The positive meson beams are therefore 

obtained by focalisation of the mesons emitted backward in the target, and 
the available beams are usually weaker in intensity. 

It is also possible to extract a proton beam from the machine. Methods 
of extraction will not be discussed here, they usually produce an external 
beam of protons which is of about 1% of the intensity of the internal beam. 
The external beam can be made to hit a target in which mesons are produced. 


CSS al 
Experiment | 
SSS Si 


----------- Shielding 


Cyclotron Magnet 
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Such a target can be placed in a magnetic field, thus deflecting mesons of | 


given energy into a definite direction. Beams of mesons of appreciable in- 
tensity have been produced in this way at Berkeley [10]. 


Synchrotron and Betatron [12]. — Consider a group of monocinetic electrons 
maintained on a circular orbit by a guiding magnetic field. The orbit can 
be made to be stable by a suitable variation of the field with radius, so that 
particles moving away from the mean orbit will experience stable and damped 
oscillations around it. It is possible to accelerate the particles and, at the 


Same time, to increase the magnetic field, so as to keep always the particles 


on the same orbit. Two methods have been used to provide the acceleration: 
in the betatron the magnetic flux through the orbit is changed, so as to pro- 
duce an induction electromotive force on the electrons. In the synchrotron 
an electric field of high frequency produces the acceleration in a way similar 
to that of the cyclotron. Betatrons will produce usually electron beams of 
higher intensity, but they are very costly for high energies, as a definite 
relation exists between the guiding field and the accelerating flux, requiring 
a very large laminated magnet (see Table II). 


TaBLE II. — High energy synchrotrons, betatrons and linear accelerator [12]. 
| Maximum | | 
Location Type | electron | Status | 
| energy, MeV | 
ST ae eh ee sini 
elet e ir COYUCNIOtrOR, | 322 In operation | 
AE ASIA Seo » 300 | » . 
Massachusets Inst. of Technology | » ! 330 » | 
University of Michigan... . . | ) 300 » | 
| California Inst. of Technology . . | » | 500 | » 
| Purdue University: i... » 300 » 
lan ii ua I | ) 300. | Near completion | 
Pet ebada sti cala a Betatron | 320 | In operation | 
© SR RARE an a ses Linear-acceler- 500 | » 
i l ator | | 


Electrons are usually injected on the orbit by an electro-static gun, at 
rather low energy and low magnetic field. The accelerating process then takes 
place as the field increases. When the field reaches its maximum, the electrons. 
are made to hit an inside target. 

By bremsstrahlung the electrons produce a beam of gamma rays, mainly 
directed forward, and with a characteristic spectrum which is indicated in 
Fig. 2. It is seen that the available energy is distributed about equally on 
all frequencies, or in other words, that many more y-rays are produced 


A 
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at lower than at higher energy. The intensity of the beam is usually expressed 
in «equivalent quanta »: a quantity defined by dividing the total available 
energy in the beam by the maximum energy. A typical synchrotron pro- 
duces 108 equivalent quanta per pulse, in the collimated beam of y-rays. 

The y-ray beam can be used to produce mesons. The threshold for 
the reaction on single nucleons is again calculated by considering the available 
energy in the center of mass 
system. It is found to be, 
in terms of the y-ray energy 
in the laboratory: 


ja 


4 
Mac: + 3 | = 152 MeV. 


(orbitrary units) 


The cross-section for the pro- 
duction of mesons by y-rays 
0 50 100 150 200 250 300 350 in hydrogen is of about 10729 


Photon energy hy, MeV aie È 
Fig. 2 — Bremsstrahlung spectrum of 320 MeV conio DELIEL the 
electrons. It will be noted that the ordinates effect of the Fermi motion, 
do not indicate the number of photons N(hy) but the Pauli principle, and the 
energy available hy: N(hv) for each photon energy. Coulomb’ barrier influence 
the meson production in a 
way similar to that outlined above. The cross-section for meson production by 
bombardment of carbon, for instance, by the bremsstrahlung spectrum of 
electrons of 320 MeV is of about 4-10-78 cm? per nucleus per equivalent 
quantum. Thus we can expect to produce about 10> «4-10-78 x 1084-10? 
mesons per pulse. 

Some mesons are directly produced by electrons in the inside target, but 
they have not been used up to now for experiments. It must be pointed out 
that electrons are less effective than y-rays for meson production by a factor 
of about 1/137.. On the other hand only a fraction (10%) of the electron 
energy is transformed into y-rays energy. So we expect about as many mesons 
produced by electrons as by y-rays, but the target exposed to the electrons 
is in the magnetic field, in high background of stray radiation, with difficult 
access, while the target exposed to the y-ray beam can be well shielded from 
stray radiation, and can be located conveniently. 

It is seen that electron machines are much weaker sources of mesons than 
proton machines. However, they have been used, as we shall see, for very 
informative experiments on photo-production. 


Relative energy distribution hy.NChy) 


Proton-synchrotron. — Very little will be said here on this type of machine 
in which the synchrotron principle is used to accelerate protons. It is neces- 
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sary in this case to vary both the magnetic field, and the frequency of the 
accelerating electric field. Two machines are now accelerating protons according 
to this principle (see Table III). They produce the highest energies obtained 
artificially up to now. 

The study of machines of this type has been recently strongly encouraged 
by the discovery of a new method of focusing for keeping the particles on their 


TABLE III. — Proton synchrotrons. 


: : Proton energy | | 

Location | GeV Status | 
Brookhaven... . | 2:3 In operation | 
Birmingham . . . . 1 » | 
Berkeley ..... | 6 | Near completion 
CERN Geneva. . . 30 | Being designed 


circular trajectory [14], which should make it possible to reach energies of 
30 GeV or more, while keeping the price of the machine into accessible, but 
however high, limits. 


II. — THE PHOTOPRODUCTION OF MESONS IN HYDROGEN 


Introduction. 


It does not seem possible, in the present state of knowledge, to give a 
clear and consistent picture of the phenomena of photoproduction and of their 
interpretation. It will be therefore necessary to follow here the line of a 
chronological approach. This path is somewhat sinuous, but it has the advan- 
tage of making it possible to present the salient facts and to show how they 
can be understood with simple phenomenological models. It will be apparent 
that our models are still crude, they do not account for all the results of 
observation: more refined experiments will be needed to guide our thought. 

When protons are bombarded by y-rays of moderately high energy, two 
reactions can occur with the production of 7-mesons: 


(1) neo Agi VE ea eich 
(2) Baby eB er. 
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As the energy increases, more mesons could be produced, but these more 
complex phenomena will not be examined here. It is useful to examine in 
some details the kinematics of reactions (1) and (2). In the center of mass 
system, the proton and the y-ray come together with equal momenta and 
collide, producing a meson. The nucleon and the meson fly apart in opposite 
directions with equal momenta. The energy available, and the motion of 
the center of mass of the system, depend only on the incident y-ray energy. 
Transforming into the laboratory system, all velocities have an additional 
forward component, with 
the effect that all recoil 
nucleons travel forward. 
The threshold energy is 
given by the formula 
quoted in the preceding 
talk. As an illustration 
Fig. 3 indicates the 


gy, MeV 


hy =240 MeV 


Meson energy, MeV 


° 

(©) 
Proton ener 

oa 

{©} 


ESA | energy of the recoil nu- 

| cleon plotted against its 

JI A angle in the laboratory 
20 60 100 140 180° 20 40 60° A 

Meson angle Proton angle system for various y-ray 

Fig. 3. — Kinematics of meson photoproduction on energies; a similar dia-- 


hydrogen. All quantities are relative to the laboratory gram is also given for 
EIU the meson. 

It will be noticed that 

the reaction is a two-body problem, so that by measuring two para- 

meters of the outcoming particles (e.g. angle and energy of the meson) all 


other quantities can be evaluated, including the energy of the incident y-ray. 


The photoproduction of charged mesons: first results. 


The first experiments on the photoproduction of charged mesons were 
made by McMILLAN, PETERSON and WHITE [15] by bombarding a carbon 
target with the y-ray beam produced by the bremsstrahlung of the 320 MeV 
electrons of the Berkeley synchrotron. Photographic emulsions were used as 
detectors. The emulsions were imbedded in brass to slow down the mesons, 
which were recognized by their characteristic decays or interactions at the 
end of their range. It was established that the phenomenon of photopro- 
duction exists and that the cross-section is of the order of 10-28 cm? per 
nucleon. 

Using the picture which represents the nucleon as a center surrounded by 
a cloud of mesons we can visualize the photoproduction by an analogy with 


SOME ASPECTS OF r-MESON PHYSICS 425 


the photoelectric effect. The electromagnetic field of the y-ray interacts with 
a charge carried by a meson in the cloud, and knocks it out. In this way, 
we expect the cross-section to be of the order of magnitude of the area of the 
meson cloud 7(#/m_c)® multiplied by the fine structure constant (e?/he) 
(characteristic of the strength of the interaction of the electromagnetic field 
with the electric charge) and by similar quantity (g2/hc) (characteristic of the 
strength of the interaction between the meson field and the « mesonic char ge »; 
(9*/fic) is of the order of magnitude of unity): 


G2\.(e2 h 
= ar = 3-108 em? 
sal (7 (7) È a do 


which corresponds roughly to the experimental result. 

More refined experiments, on the photoproduction of charged mesons in 
hydrogen, were made by STEINBERGER and BisHoP [16], using an electronic 
detector. The principle of 
the detector is that of a 


scintillation counter  tele- “els 
scope with a coincidence-an- 25 


ticoincidence arrangement 


Experiment: 


requiring that the detected = È 
particle be stopped in a cer- 3 Pseudo sgalar theory 
tain volume. A positive r- se F2234 
meson stopping in the as- 3 | 
B10 Scalar theory g°=1,25 


signed volume will decay 
into a positive pu-meson 
which will in turn. decay 
into an electron. The ex- 
perimental arrangement fur- a ae aa RS rr on™ 
ther requires a delayed 

pulse arising from the elec- 
tron, with the characteristic 
lifetime of the p-electron 
decay. The angular distribution measured by this method is indicated by 
Fig. 4. 

The results of this experiment give support to the simple interpretation 
of the photoproduction just outlined, and it shows in addition that the meson 
is pseudo-scalar. If the meson were a scalar particle, the photoproduction 
would be very similar to a photoelectric effect, giving an angular distribution 
peaked a little forward from 90° and indicated by Fig. 4. (This result seems 
to be quite independent from the exact formulation of the meson theory used). 
The same figure also shows the angular distribution expected for a photo- 


Cross section per steradian photon energy 


oO 
n 


Fig. 4. — Angular distribution of the photopro- 
duction of positive mesons on hydrogen. From [16]. 
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electric production of a pseudo-scalar meson, and this seems to be in better 
qualitative agreement with experiment. We will come back to the subject 
of the photoproduction of charged mesons a little further. 


Photoproduction of neutral mesons. 


The photoproduction of neutral mesons was first studied by PANOFSKY, 
STEINBERGER and STELLER [17], using a detector recording the two y-rays 
arising from the decay of the neutral meson. The detector is represented on 
Fig. 5. It consists of two counter telescopes pointing at the target and si- 
tuated in a plane making an angle 0 with the direction of the y-ray beam. 
The two telescopes make an angle g with each other. Each detector is composed 
of an anti-coincidence counter requiring that the incident particle impinging 
upon it be neutral (a y-ray), a lead converter (where the y-ray initiates an 
electron-photon cascade) and a coincidence telescope (detecting the electrons 
of the cascade). The direction of emission of the neutral meson is given 
by the angle 6 and, by varying this angle, the angular distribution can be 

measured. The angle g bet- 
oes ween the telescope arms, 
N Sar Ms can also be varied. By con- 
Scintillation counters ae 


of the neutral meson decay 


Ad e (see, for instance, the lectur- 
A CEE {Picone Pine es of Professor PoWELL), it 
Si can be shown that mono- 
Be or Hp Target chromatic neutral mesons. 

Fig. 5. — Experimental arrangement for the de- would give a distribution of 
tection of 7° mesons. From [17]. angles g with a maximum 


at a certain minimum angle 
Po, and extending to 180°. The value of y depends on the energy of the 
neutral meson. The existence of the maximum at gy, for a given meson energy 
enables one to correlate the observed distribution to a probable spectrum. 

This experiment was a brilliant confirmation of the existence of the neutral 
meson. It indicated that the cross-section for neutral meson production is 
only a few times smaller than the cross-section for the charged mesons. It 
gave indications on the angular distribution and excitation curve. 

The value of the cross-section is not readily explained by our simple picture 
based on an analogy with the photoelectric effect. With this picture we must 
imagine, for instance, that the incident y-ray interacts with the charge 
carried by a meson in the cloud, and that this charged meson further collides 
with the nucleon and transforms itself into a neutral meson by charge exchange. 
The necessity of this collision makes the neutral meson cross-section smaller 


sideration of the kinematics 
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than the charged one by a factor roughly equal to the square of the ratio of 
masses of the meson m, and the nucleon M: (m,,/M)?x= 1/45. We can also 
imagine that the electromagnetic field makes a kind of photoelectric effect 
by interacting with the charge carried by the nucleon (instead of a meson) 
but due to the larger mass of 
the nucleon; the cross-section 
is again reduced by the same 
factor. It appears that the 
only simple explanation for 
the larger cross-section is to 
assume that the electroma- 
gnetic field interacts with the 
(anomalous) magnetic moment 
of the nucleon. This would 
introduce in our evaluation 
of the cross-section a factor 


7 


150 200 300 400 MeV 
Incident photon energy lab system 


roughly equal to the square of Fig. 6. — The differential cross-section for neutral 

this moment, (2.8)?= 7.9. The meson photoproduction on hydrogen at 90° (in 

cross-section is then of about the laboratory system) as a function of photon 

energy. The crosses are experimental points from 
[18], the circles are from [19]. 


the experimental magnitude. 
It is clear that such a picture is 
very qualitative, as the mag- 
netic moment itself is attributed to the motion of. the charged mesons in the 
cloud and the y-ray interaction will modify this motion. 

Another method. of detection of the photoproduction of neutral mesons was 
used by SILVERMAN 
and STEARNS [18] and 
later by WALKER, 
OAKLEY and TOLLES- 
ling tok ss sTRUP [19]. These au- 
thors used counters to 
detect a coincidence 

WOR ee hag between one. of the 
O54 2 345 y-rays resulting from 


Feet 
; the decay of the to- 
igi. i tal arrangement for the detection of : 
fi n meson, and the recoil 


recoil protons arising from the photoproduction of neutral 
mesons on hydrogen. From [20]. proton. This method 
is limited to a certain 
region of angles, as the proton detector receives too much background if exposed 
at a too small angle with respect to the beam (see Fig. 3). 
The excitation curve obtained by this method is indicated by Fig. 6. The 
interpretation of its shape will be examined a little later. 
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Another experiment on the photoproduction of neutral mesons in hydrogen 
was made by OsBorNE, Scott and myself [20].. The recoil protons were 
detected in photographic emulsions. Fig. 7 indicates the geometry of the 
experiment. Stacks of stripped emulsions were exposed in a tank containing 
hydrogen at 40 atmospheres. The blackening of the emulsion by the chemical 
effect of the hydrogen was 
avoided by lowering the 
temperature of the tank 
to — 60 °C, using a jacket 
containing alcohol and dry 
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Big. 8. — The angular distribution of neutral mesons 
produced by photons on hydrogen, in the center ground effects such as photo- 
of mass system. The photons are produced by the proton emission in impur- 
bremsstrahlung of 320 MeV electrons. From [20]. ities of the gas, could be 

evaluated and subtracted 
out. The excitation curve thus obtained is in good agreement with Fig. 6. 
The angular distribution is indicated by Fig. 8. 

Similar results on the angular distribution were obtained by CocconI and 
SILVERMAN [21] who measured the angular distribution of one of the y-rays 
arising from the decay of the neutral meson. It is possible to predict the 
angular distribution of this y-ray, assuming a given angular distribution for 
the neutral mesons and taking into account the kinematics of neutral meson 
decay, the energy distribution of the emitted mesons and the variation of effi- 
ciency of the y-ray counter with energy. 

The interpretation of these results on the photoproduction of neutral mesons 
is in first approximation in good agreement with the phenomenological theory 
of BRUECKNER and WATSON [22]. These authors assume the existence of a 
resonance interaction in an isobaric state of the nucleon characterized by a 
spin of 3/2 and an isotopic spin of 3/2. (There are some indications of the 
existence of such a state in the meson theories using the strong coupling ap- 
proximation, but the evidence used here was phenomenological and based on 
the results of experiments on meson scattering). Thus it was predicted, that 
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the angular distribution would follow a 2+3sin?6 law, and that the excit- 
ation curve would show a maximum at about 310 MeV of photon energy. 
These predictions are qualitatively well verified by the experimental results 
shown by Fig. 6 and Fig. 8. To examine the predictions of BRUECKNER and WAT- 
SON, we will follow FELD [23] who showed how they could be obtained by 
an application of the conservation laws, with the sole assumption that an inter- 
mediate state (or a number of intermediate states) is formed during the in- 
teraction. The reasoning applied here to neutral meson production can be 
made in a similar way for other cases. . 

The excitation curve (Fig. 6) shows that, near threshold, the meson yield 
is proportional to the cube of the meson momentum. This is taken as an 
indication that the meson is emitted with one unit of angular momentum 
(in a p-state). The meson beeing pseudo-scalar, its emission in a p-state does 
not change the parity of the system. (The parity remains even if we assign 
even parity to the nucleon). Conservation of angular momentum requires 
that the meson be emitted from an intermediate state of spin 1/2 or 3/2 and 
even parity, leaving the final nucleon with its 1/2 spin. The intermediate 
state of spin 1/2 and even parity can only be produced by a magnetic dipole 
interaction of the y-ray, while the intermediate state of spin 3/2 and even 
parity can be produced either by magnetic dipole or electric quadrupole inter- 
action. For each assumed intermediate state and each multipole, the expected 
angular distribution of mesons is completely determined by the rules of 
quantum vector addition. The magnetic dipole interaction with spin 1/2 
intermediate state gives an isotropic distribution of mesons, while with the 
intermediate state of spin 3/2 it gives a 2+3 sin? @ distribution. The electric 
quadrupole interaction and the intermediate state of spin 3/2 give a 1+ cos? 0 
angular distribution. The experimental evidence (Fig. 8) is seen to be in 
favour of the magnetic dipole interaction and the intermediate state of spin 3/2, 
(with perhaps some admixture of spin 1/2 intermediate state). 

The magnetic dipole interaction is of course in agreement with our ele- 
mentary picture of an interaction between the y-ray and the magnetic mo- 
mentum of the nucleon. We must remark also that the experimental evidence 
(Fig. 6) is in favour of the existence of a resonance at about the same exci- 
tation energy as indicated by the scattering experiments. While the early 
scattering experiments have shown this resonance to occur for a value 3/2 
of the isotopic spin, the photoproduction indicates that it occurs for the 
values 3/2 of the spin. Taken together, these two indications agree with some 
of the predictions of the strong coupling meson theory. 

It must be pointed out, however, that our picture is certainly over-simplified. 
The more recent scattering experiments show that the interaction between 
the meson and the nucleon in other spin and isotopic spin states is also appre- 
ciable. Recent experiments on the angular distribution on photoproduction 
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of neutral mesons, at California Institute of Technology, indicate that the 
angular distribution varies with energy, thus the interaction is probably not 
pure magnetic dipole, nor it is only in the spin 3/2 intermediate state. It is 
quite evident that more precise experiments are needed and will lead to more 
refined interpretations. ¥ 


The photoproduction of charged mesons: recent results. 


The same considerations applied to the photoproduction of charged mesons 
indicate that the y-ray interacts both as electric dipole (analogous to a photo- 
electric effect) leading to an intermediate state with spin 1/2 and odd parity, 
and as magnetic dipole (similar to neutral meson production). The electric 
dipole interaction will give an excitation curve proportional to the meson 
momentum, and will thus be prevailing near threshold. The angular distri- 
bution will result from a mixture of p and s waves. The experimental results 
are in general agreement with these predictions, but they are perhaps not 
quite precise enough yet for a detailed check. The excitation curve is observed 
to be proportional to the meson momentum at low energies, as shown by the 
results of STEINBERGER and BisHopP [16] already quoted, and by more recent 
masurements at lower energy by JANES andS KRAUSHAAR [24]. The inform- 
ation available on the angular distribution of Fig. 8, extended by recent expe- 
riments to larger and smaller angles [25, 26] can be accounted for by a mixture 
of sì wave and p! wave as required by our simple model. 


III. — THE RADIOACTIVE ABSORPTION OF MESONS IN HYDROGEN 


. We want to examine the reactions occurring when a slow negative meson 
is captured by a proton. The conservation laws lead us to expect one or more 
of the following reactions: 


(1) ngi Se 
(2) x +pon +2y 
(3) TI Sete act ee 


The first reaction is the inverse of the photoproduction of a charged meson 
on a nucleon and is therefore expected to be related to the phenomena examined 
previously. The last reaction corresponds to the scattering with charge ex- 
change. 
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The reactions were investigated experimentally by Panorsky, AAMODT and 
HADLEY [3]. A high pressure hydrogen target was inserted in the vacuum 
tank of the Berkeley cyclotron, near the target 
bombarded by 330 MeV protons (see Fig. 9). The roi È 
hydrogen was contained in a stainless steel vessel SI 
refrigerated by liquid nitrogen. Negative mesons 
produced in the target were stopped in the hy- 
drogen, where reactions (1), (2) and (3) could oc- 
cur, giving rise to the emission of y-rays. Some tie 
of the y-rays were allowed to emerge from a 
channel in the shielding; they were detected, and 
their energy was measured, by a pair spectrograph. 
This apparatus consists in a thin converter in 
which the y-ray materializes into an electron-po- 
sitron pair, a magnetic field curving the trajecto- 
ries of these particles in opposite directions, and Precontional 
Geiger counters detecting them in coincidence. ui O 
A recorder indicates which Geiger counters are Fig. 9. — Experimental ar- 
discharged; the curvature of the trajectories of | rangement for the observ- 
the two members of the pairs are thus established ion of the gamma ray 
and the energy of the y-ray is determined. a 

Let us examine the spectrum of y-rays expect- in hydrogen and deuterium. 
ed from the reactions (1), (2) and (3). Reaction From [3]. 

(1) is a two-body process and will give therefore a 

monochromatic y-ray, with energy depending only on the rest mass of the nega- 
tive =-meson (increased by the small mass difference between proton and neu- 
tron). Reaction (2) is a three-body process and the spectrum of y-rays will there- 
fore be distributed between zero and an upper limit (the limit beeing the same 
as the energy of the y-ray of reaction (1)). For reaction (3) we must consider 
that the 7° is emitted at a fixed energy, given by the difference in rest masses 
between the negative and the neutral meson (increased by the small mass differ- 
ence between proton and neutron). The 7° decays then in flight into two y-rays 
which have the same energy in the frame of reference of the 7°, but which 
are shifted in energy in the laboratory system by the Doppler effect resulting 
from the motion of the 7°. It is easily shown that the resulting y-ray spectrum 
extends from a minimum (when the 7° moves in the direction opposite to the 
detector) to a maximum (when the 7° moves toward the detector). The mo- 
mentum of the 7° is equal to the difference of momenta between the y-rays 
of maximum and minimum energy. 

The observed spectrum indicated the presence of reaction (1) and (3). From 
reaction (1) a measurement of mass of the negative meson was made with the 
result 275.2+2.5m,. From the observed y-ray spectrum resulting from 
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reaction (3) the existence of a difference in mass between the negative meson 
and the neutral meson was first established; it was found to be 10.642 m.. 

The two reactions were found to occur with about equal probability. 
Taking into account the available phase space in each case, it can be shown, 
by detailed balancing, that the cross-section for exchange scattering and for 
photoproduction are of about equal magnitude at this very low energy. Such 
a result is not immediately understood if compared to the direct experiments 
on photoproduction and on scattering, where the cross-section for scattering 
is roughly 100 times larger than that for photoproduction. It should be re- 
membered however that the energy involved here is very low so that the s 
wave interaction of the meson is the only one taking place. The comparison 
should therefore not be made directly between the total cross-sections, but 
between the s wave contributions to these cross-sections. The experiments 
on scattering have shown a relatively small contribution of the s wave inter- 
action (the process beeing mainly in p waves) while the charged meson photo- 
production, according to our picture, is attributed to contributions of p and 
s waves in amounts of the same order of magnitude. The cross-sections cor- 
responding to the s wave contributions to each process are thus found to be 
roughly equal, in agreement. with the experimental results on meson capture 
examined here. 

We will not leave the subject of absorption of slow 7--mesons without: 
mentioning the results obtained when the hydrogen is replaced by deuterium 
in the same experimental setup. This subject is somewhat aside from the 
photoproduction of mesons, but it will be mentioned as it gave definite evi- 
dence on the fact that the 7-meson is pseudo-scalar, thus confirming the strong 
indication obtained from the photoproduction of charged mesons on hydrogen. 
From the conservation laws, we can expect the three following reactions: 


(1) 7 + d—>2n 
(2) T+d2=2n+%vy 
(3) 7a +d —>2n-+ 7°. 


Let us again consider the y-ray spectrum expected in the three cases. The 
first reaction produces no y-ray at all. The second reaction produces a spectrum 
extending from zero to a maximum; phase space considerations show that 
the expected spectrum is peaked toward the high energies. In reaction (3) 
the 7° will usually carry little energy, so that the spectrum will consist of a 
broadened line centered at about half the rest energy of the 7°. Experimental 
evidence obtained by the same authors indicated that the y-spectrum cor- 
responds to reaction (2) with no evidence for reaction (3) to occur at all. In 
addition it was shown, by comparing the yields of y-rays observed respecti- 
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vely with a hydrogen and a deuterium absorber, that more negative mesons 
were captured than indicated by the deteetion of reaction (2), and that there- 
fore reaction (1) must be occuring at an appreciable rate. 

From the occurence of reaction (1) we must conclude that the negative 
meson has odd parity. In its ground state (triplet 8) the deuterium has spin 1 
and even parity. On the other hand, calculations on the slowing down of 
negative mesons in matter, and on their capture, show that capture can only 
oceur from a K orbit (s wave, angular momentum zero). The two neutrons 


outcoming from the reaction cannot be in a S state because the exclusion . 


principle would then require that their spins be antiparallel, and they would 
carry no angular momentum: the total angular momentum would not be 
conserved. Thus the two neutrons must be emitted in a !P state, which has 
angular momentum 1 and odd parity. The change of parity from the even 
deuterium (°S) and even K shell, to the odd two neutrons (*P) can only occur 
if the negative meson has odd intrinsic parity. We know from other expe- 
riments [10] that the ~-meson has spin zero, it is therefore a pseudo-scalar. 

If the neutral meson has also odd parity, then it is seen by a similar 
reasoning that reaction (3) cannot occur at all (it cannot conserve both angular 
momentum and parity). This is indeed confirmed by the results of the 
experiment. 


IV. — THE PHOTOPRODUCTION OF MESONS IN NUCLEI 


We turn now our attention to the photoproduction of mesons in nuclei, 
and we notice that in addition to the positive and neutral mesons, negative 
mesons can be produced as the y-ray can now interact with a neutron: 


(nn Ep 


As it is not possible to experiment on free neutrons, this reaction must be 
studied in nuclei having a loosely bound neutron, the simplest beeing of course 
deuterium. 

The experimental detection of negative x-mesons can be made with photo- 
graphic emulsions, with cloud chambers, or with the aid of a magnetic field. 
But the direct electronic detection is made difficult by the large nuclear inter- 
action of the slow =--mesons. They always interact before decaying in con- 
densed material, and their decay products with characteristic lifetime cannot 
be recorded as for positive mesons. The present relative scarcity of precise 
information on the photoproduction of negative mesons is largely due to this 
serious experimental difficulty. The determination of the ratio of photo- 
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production of negative and positive mesons in deuterium was made by WHITE 
et al. [27] and LeBOw et al. [28] using photographic plates as detectors, and by 
LITTAUVER and WALKER [29] using magnetic fields and counters. The expe- 
rimental values are of 7-/r+= 0.96 +0.11, 0.988+0.188 and 1.19--0.12 at re- 
spectively 45°, 90° [27] and. 135° [29], but there are some indications [28] 
(albeit of small statistical weight) that the ratio may vary appreciably with 
angle and energy. A precise knowledge of the behaviour of this ratio would 
of course be very informative. A naive interpretation of the properties of 
charge independence would require that the ratio be one. But the charge 
independence is relative to the interaction between the nucleon and the meson, 
and it is not clear that it should apply entirely for the interaction between 
the y-ray and the two nucleons, as the electric charge and the (inequal) ma- 
gnetic moments may play a crucial role [30]. Information on the photopro- 
duction of negative mesons on neutrons can also be obtained by using other 
nuclei having an extra loosely bound neutron, like Be?. The neutron can then 
be considered, to a certain etxent, as almost free. 

An information on the elementary process can be obtained by a compa- 
rison between the cross-sections for photoproduction of positive mesons, in 
hydrogen and in deuterium at low energy. Before the interaction, the proton 
and neutron have parallel spins in the ground state of the deuteron. If the 
production of a positive meson did not flip the spin, the two neutrons would 
be left with parallel spins. Wlen the kinematics of the reaction leave them 
with low energy (low photon energy and meson emitted forward) they would 
be in a S state. But the exclusion principle would then forbid the reaction, 
thus greatly reducing the cross-section in deuterium as compared to hy- 
drogen. The experimental evidence [27, 28] on the contrary shows that the 
two cross-sections are about equal, thus indicating the presence of an im- 
portant contribution of the spin-depen- 
dent interaction. This observation is in 
qualitative agreement with the other 
facts relative to charged meson pro- 
duction by y-rays on hydrogen discussed 
in the preceding talk, where it was 
shown that the phenomenon is indeed 5 
due in part to magnetic dipole inter- 
action. 

As we now consider the photopro- 
duction in more complex nuclei, the 
most conspicuous experimental obser- 
vation is that the efficiency with which negative mio pr 
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section for meson-production is not proportional to the number of nucleons, but 
increases much more slowly than the number of nucleons for nuclei of increasing 
atomic number A (see Fig. 10). For the heavy nuclei, the effect can be 
explained by the reabsorption of the meson by a nucleon inside the nucleus 
where it was produced. If the mean free path of the mesons in nuclear matter 
is short, compared with nuclear dimensions, we must expect that only the 
mesons produced near the surface of the nucleon have an appreciable proba- 
bility to escape, and the cross-section in heavy nuclei should be proportional 
to the nuclear area A?. 

This is indeed found to be the case experimentally (see Fig. 10). The value 
of the mean free path of mesons in nuclear matter can be evaluated by other 
means (see the lectures of Professor PUPPI), it agrees with the present assumption, 
at least for the heavy nuclei. For the light nuclei, the mean free path is too 
long to allow for reabsorption, and the A* law must receive another explanation. 

This explanation was found by considering the Fermi motion of the nucleons 
inside the nuclei, and the effects of the Pauli principle. The Fermi velocities 
change the energy available for meson production in the rest frame of each 
nucleon. After having produced a meson, the nucleon is required by the 
exclusion principle, to be left in a state not yet occupied by another nucleon. 
It has been shown [31] by using the usual assumptions on the Fermi distri- 
bution, that the two effect combine to give approximately the A? law for 
light nuclei. 

The Pauli principle also. has an important effect on the angular distribution. 
Mesons emitted forward correspond to recoil nucleons with very little energy 
in the laboratory system. There are very few unoccupied states available at 
low energy. Mesons emitted backwards correspond to higher nucleon energies 
in states not yet occupied. Forward emission of mesons is therefore expected 
to be strongly hindered in nuclei. It is indeed experimentally found that very 
few mesons are emitted in the forward direction. (It will be noted that the 
reasoning is the same as used above for a comparison between positive meson 
production in hydrogen and deuterium). 

Only little will be said here on the experimental ratios of negative to posi- 
tive meson production [29]. The effect of the exclusion principle is observed 
in nuclei containing more neutrons than protons, where the production of 
negative mesons is favoured. Some of the detectors used for the study of photo- 
production are sensitive to mesons of a given energy. When this energy is 
close to the maximum energy available from the y-ray beam, important effects 
are due to the availability of nuclear binding energy. The effect of the Coulomb 
barrier is also apparent. (It tends to shift the spectrum of negative mesons 
to lower energies and the spectrum of positive mesons to higher energies). 

It may be useful to add the following remark. There is a possibility that 
the incoming y-ray would interact with all the nucleons of a nucleus at the 
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same time, producing a coherent production of mesons.. Mesons could be 
expected to be produced in this way at a small forward angle. This pheno- 
menon can only occur from definite combinations of the phases of the meson 
waves produced by each contributing nucleon. Thus the observation of the 
existence, or of the absence, of coherent production would give indications 
on these phases and therefore on the meson nucleon interaction. It is difficult 
to detect mesons in the forward direction as the detector is subject to a high 
background of y-rays. Attempts were made by OSBORNE, WINSTON and my- | 
self [25] to observe this phenomenon using the following detector: The y-ray 
pulse of the synchrotron is ejected during a very short time (one microsecond). 
During that time the counters of the detector are made unsensitive by a suitable 
electronic circuit, and the effect of the background is thus eliminated. After 
the y-ray pulse is over, the counters are made sensitive and detect the electrons 
arising from the u-e decay (with lifetime of about 2 microseconds). No indi- 
cation of an appreciable coherent meson production was observed up to now. 
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Scattering of Pions by Nucleons and by Nuclei. 


G. PUPPI 


Istituto di Fisica dell’ Universita - Bologna 


I. — SCATTERING OF PIONS BY NUCLEONS 


The scattering of pions by nucleons is the most fundamental approach to 
the properties of the interaction between pions and nucleons and to the whole 
problem of nuclear forces, if we accept the Yukawa picture and identify the 
pions as the quanta of the nuclear force field. It is also a simple phenomenon 
because it is a two body collision, like the photoproduction, and its kinematics 
is therefore very easy to calculate. The processes which can be directly ob- 
served are the scatterings on protons (hydrogen) and precisely: 


[ mHt+PS>P4+r 
Tre ia ta Ne 
|w+P>N+y 


Scatterings on neutrons cannot be observed directly but information on 
this matter can be obtained by comparing the results of scatterings on hydrogen 
and on deuterium, and of scatterings of x+ and 77 on nuclei. The experimental 
situation is characterized by the use of a pion beam from a machine scattered 
on hydrogen in form of liquid or gaseous targets, or of a gas in pressure cloud 
chambers, or included in the plates as a component of gelatine; and in all this 
cases we deal always with a situation in which a pion hits a proton at rest. 
As is well known, if £ is the total energy of the incoming pion in the lab. 
system and p its momentum, then the c.m. system moves in the same di- 
rection as the incoming pion with a velocity 3 

p 


= 
P+ Le 


a 
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So if W=£#-+ M,c? is the total energy of the particles in.the lab. system, 
the total energy in the c.m. system and the momentum of both particles are 
immediatly given by a Lorentz transformation as 


pM ,c? 


AW, = Baia = ——_ 
p= VWI pe sa 


Owing to the characteristics of the two body collisions, there are a number 
of relations, for a given energy of the incoming pion, between the energies 
and the scattering angles of the pion and the proton; these relations enable 
us to distinguish in the experiments true scattering events from other kinds 
of phenomena, and are in the lab. system: 


— Coplanarity of the tracks (x, x’, P); it is possible to check it by measur- 
ing the angle between the direction of the incoming pion and the plane formed 
by the scattered proton and the scattered pion. 

— Correlation between scattering angle and energy (or momentum or 
range) of the scattered pion. 

— Correlation between scattering angle and energy (or momentum or 
range) of the scattered proton. 

— Angular correlation between scattered proton and scattered pion. 


Experiments have been performed with artificial mesons using: 


a) Counter arrangements [1] in which the meson beam, as shown in 

Fig. 1 is defined by a collimating system formed by two scintillation counters; 
the pions are scattered on the tar- 
get and detected by a collecting — olimating system Target 
system. Only the pion is detected 
because the recoil proton normally 
stops in the target. 

For the detection of y-rays re- 
sulting in the charge exchange scat- Fig. 1. 
terings, from the decay of the neu- 
tral pion, a lead radiator is introduced between the target and the col- 
lecting telescope. When experiments are performed with liquid hydrogen, 
counts must be taken with hydrogen in and hydrogen out; the difference 
being attributed to true hydrogen scatterings; in some other experiments 
the scatterings on hydrogen are computed by polyethylene-carbon difference. 


b) Cloud chamber filled with compressed hydrogen [2]. 
e) Photographic plates [3]. 


In the last two cases interesting events are selected by direct inspection 
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of the cloud chamber photographs or of the plates, referring to the above 
mentioned characteristics of a two body meson-nucleon collision. 

As a result of these experiments it is possible to build the total and dif- 
ferential scattering cross-section at various angles. The counter experiments 
allow also an independent determination of the total cross-section by trans- 
mission. 

Special care must be taken in the determination of the angular distribution 
for the charge exchange scattering since it is only possible to detect the y-rays 
resulting from the decay in flight of the 70. It is necessary therefore to cal- 
culate the angular distribution of the neutral pions from the measured angular 
distribution of the y-rays [1]. It has been shown that it is possible to calculate 
the cross-section for the process 


Td Pio N +E % 


from the cross-section for the inverse reaction, i.e. the photoproduction of = 
on neutrons, by applying detailed balance arguments, and that the cross-section 
for this process is negligible against the other; so we are dealing only with 
3 main processes 


Uan | Prt) 2) (Px-|Nx°) Sla i) 


for which we have collected and selected in Fig. 2 and 3 the most recent 
determinations of total cross-sections. In Fig. 2 are plotted the total cross- 
sections for processes 1 and (243), while Fig. 3 shows the contribution of 

processes 2 and 3. .It is easily 


= P seen that the elastic scattering 
(2+3)=m#P 


of xt is dominant, followed by 
the charge exchange scattering 
of x- and then by the elastic 
scattering of =. It must be 
noted that, for energies greater 
than — 100 MeV the cross-sect- 
ion for process 1 is greater than 
what we call the « geometrical 
cross-section » of the nucleon 
Fig. 2. which -corresponds to a radius 

equal to that of the nuclear 

forces. This « geometrical cross-section » has the value o, = 2(h/m,c)? — 62 mb 
since in the Yukawa picture the radius of nuclear forces is equal to the Compton 
wave lenght for the pion. The cross-section for process (2-3) seems to level 
at the value o, in the 100-200 MeV energy region. The panorama is quite 


Se ee ee a ee > par. ee ey a rik % . 22,2 >= - Pi Favia Pee re tN RL dr, Ol ae ta = Se Ax ARMI 
Sl mi BO KA at e rota? * Ce ee a = » ye IRR Vetta < ws Arist ù “ I, wn Ser 
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incomplete as the cross-sections are known only in a limited range of ener- 
gies, but the high value of the total cross-section for process .1, its rapid in- 
crease with energy and its ratio to the cross-sections for processes 2 and 3 have 
been interpreted as an indi- 

cation of the existence of a 50/4 corp) 


resonance with a compound 1 prin) 
| total(Par,Pre) 3 


state of the meson-nucleon sy- 60 
stem of I-spin 3/2, angular mo- 
mentum 3/2 and resonance 
energy 277 MeV, in such a way 
that in this region the contri-. 
bution of this state to the scat- so 
tering is dominant [4]. In fact, 
if we describe the meson-nu- 
cleon system through the I-spin 
states and suppose that only 
the first two states 7, and 7; 
‘are present, we may calotte: the matrix elements for the various ‘ processes, 
starting from the matrix elements of the pure I-spin states, supposing 
conservation of I-spin in the scattering, through following relations: 


40 


0 50 100 150 200 


Fig. 3. 


Prt} Px) = Pe, 


V2 
(1) (Pr-|Nx0) => (Ty-- Ty), 


(Px-! Px") = (Pe 274). 

Now if the state 7, is dominant (or its substate of angular momentum 3/2) 
in a first approximation we may consider the contribution of the 7, state as 
negligible and we obtain from the written relations, putting 7, >0 and 
squaring, the following ratios between the total cross-sections for the 3 pro- 
Cesses 


in rough agreement with experiments. 

The situation is unfortunatly a little more complicated, since if substate 
of momentum 3/2 and I-spin 3/2 were the only important; the angular distri- 
bution for the 3 processes would be the same; i.e. the same ratios existing 
between the total cross-sections should also exist between the differential cross- 
sections at every angle. From the inspection of the angular distribution of 
the 3 processes, plotted in Fig. 4 for 135 MeV [1a)] it is very easy to see 
that this is not the case. 


ITA ME. i 
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It is therefore convenient to analize 
the phenomena on a slightly more gen- 
eral ground i.e. on the hypothesis of 
the charge independence of the nuclear 
forces only (conservation of I-spin). This. 
requirement is not necessarily connected 
with the idea that some I-spin state is 
a resonant state but works only in con- 
necting the characteristics of the 3 pro- 
cesses in question with the characteri- 
stics of the scattering from two states 
of the meson-nucleon system of I-spins 
3/2 and 1/2. 

In order to clarify the efficiency of 
the requirement of I-spin conservation 
we begin with a partial wave analysis 
of the scattering processes in c. m. 
and assume that for moderate ener- 
gies only S and P waves are scattered, 
so that the angular distribution for 
each scattering process, neglecting . 
Coulomb effects, can be written down as a quadratic function of cos? 
as follows: 


1) =a, + bi così? + ci cos? 0, 
2) dr Sep + ¢ cos? 6, a= 4a(a +5) 
dQ 3} 7 
3) de + b_ cos 9 + e_cos?ì. 
dQ 


Actually, the 9 quantities a, b, c, can be connected with 9 phase shifts do, 
6%), d® for the S wave and the two P waves of angular momentum respectively 
3/2 and 1/2, the relation between the quantities a, 6, c, and the phase shifts 
being 
| a = **[sin? dy + sin? (Î9— 6()], 
= Fates b = x°[4 sin 6, sin dA cos (6,— 6) + 2 sin ò, sin 6® cos (d— d®)], 
c= k*[6 sin? 6 + 3 sin? dd — 3 sin? (6@) — 6)] , 


where 7 is the relative momentum of the pion in the c.m. system in m_e? 
unities. Now we need really all the 9 phase shifts only if there is no relation 
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between the 3 phenomena of scattering, but, if the I-spin works, the 3 pro- 
cesses are not independent but may be described knowing the scattering from 


the two I-spin states 1/2 and 3/2. If only S and P waves are scattered, as 


assumed, the scattering from each of these states can be described through 
3 phase shifts and it would be possible to deduce the 9 quantities a, b, c, only. 
from 6 phase shifts, and precisely the phases 


d(T’) ela or) = 058 OEE) = Xn 
do(T;) ag OL) == 33 OPEL) == ero 


The easiest way to follow (1) is the construction of six scattering ampli- 
tudes 


2 ; ) 
A,== exp [2ia,)—1, B,= ci [(exp [ 2ta5]—- 1) — (exp[2ian]— 1)] ) 
] Poni E 
C= 2 [2(exp [203] — 1) + (exp [2te,,]—1)] , 


/3 


A,= exp [2ia,|—1, ~~ By= 3 [(exp [2ia]— 1) —(exp[2ian]—1)]:; 


[2(exp [2ias]— 1) + (exp [2ixn]— 1)]; 


which correspond to amplitudes of scattered S-waves and P-waves with and 
without spin flip. In terms of these scattering amplitudes the quantities a, b, €, 
for the process 1 are given by 


1 
iene ICA45 


Ds 
‘42 [Blt 


3 E * 
Ro (e (A,03 -L As 0} ’ 


and the others by analogous formulae in which instead of the scattering ampli- 
tudes of the pure I-spin state 3/2 appear linear combinations between the six 
scattering amplitudes given by formulae (1). 

‘Through these relations the quantities a, d, €, which are experimentally 
determined from the angular distribution of various processes, are connected 
with the phase shifts for the scattering from the two I-spin states. In fol- 
lowing table are collected some determinations at various energies. 
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E' Oe %33 O31 Oy Cons O14 Reference 
135 — 140 + 38°, + §0 RS 10° 00 — 50 
120 — 15° + 30°, + 40 + ge + 20 — 30 i [la)] 
78 — 6° + 13°, — 30 — — — 
58 — 4.9° + 7.6° — 1.80 — = ae [15)] 
40 — 5.70 + 4.10 — 0.10 — — _— [le)] 


The sign and values of the phase shifts collected in the table refer to what, 
is known as « Fermi solution ». It has been pointed out by YANG that, always. 
neglecting Coulomb effects, there is always another solution with the role 
of «3 and o, interchanged, known as « Yang solution». The situation is not 
yet clear, but it seems that from the observation of interference effects between. 
nuclear and Coulomb forces the Fermi solution must be preferred. We do 
not discuss the theoretical implication of the main facts known until now, but: 
we wish only to note that the «3; phase shift is very great in the « Fermi so- 
lution » and that one possible interpretation is, as emphasized at the beginning, 
that the scattering from the substate 7, with angular momentum 3/2 is do- 
minant and is. possibly also of a resonant type, with superposition of other 
contributions. In this respect we hope to learn much more from experiments. 
at higher energies. 

In conclusion we see that the scattering of pions on protons can be consi- 
dered in agreement with a charge independence hypothesis of nuclear forces. 
As to the cross-sections on neutrons, these can be guessed, always neglecting’ 
Coulomb effects, and supposing charge symmetry conditions (a less stringent 
condition which can be considered a particular case of charge independence) i.e. 


Opnt|Prt)— INn-|Nn-) 
O(pr-]pr-) = ONat|Nnt) 


O(Pr-|Nn°)— FNat|Pr®) * 


The quasi equality of the cross-section of z+ and 7-7 on deuterium and 
their ratios to the cross-sections of z+ and 77 on hydrogen [5] strongly support: 
the validity of the above relations. It must be particularly noted that the 
(Nx-|Nzx-) scattering involves as the (Px+|Pxt) scattering only the T, state. 
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II. — SCATTERING OF PIONS BY NUCLEI 


In describing the phenomena of interaction of pions with nuclei, it is ne- 
cessary to use some model in order to develop the most ambitious program 
which consists in deducing the characteristics of the meson-nucleus interaction 
from the known characteristics of the meson-nucleon interaction. The pos- 
sibility of developing this program depends essentially from the importance 
of non linear meson effects, as pointed out by ScHIFF [6]. The experimental 
situation is not yet completely clear, and probably it is not clear enough too, 
to allow us to discuss it generally, but we try, all the same, to frame a reason- 
able picture. 

The model we wish to use is the following one: Let us consider the col- 
lision of a pion with a nucleus of mass number A and suppose that, at the 
beginning, the A nucleons, enclosed in a volume 7, do not form an actual 
nucleus, but are much more distant from each other than the radius of nuclear 
forces. Then the cross-section of the pion with this aggregate of nucleons 
approches the cross-section of free nucleons. 

Suppose now to reduce the volume 7 occupied by the A nucleons to the 
actual nuclear volume, then the nucleons begin to interfere in their interaction 
with the pion; this interference builds up the surface of the nucleus and, with 
it, the optical properties of the nuclear matter [7]. This building up process 
of the optical properties is connected with the increasing efficiency of the 
Pauli principle in excluding individual dislocations of nucleons from the 
occupied energy levels; the hypothesis works also quantitatively since the 
radius of the Fermi sphere is increasing with the decrease of the volume as 


Pa Att. 


The optical properties of nuclear matter are described by a complex index 
of refraction ¢+iK or by a complex potential V-+io acting on the meson; 
V is connected with global dislocations of all nucleons and is therefore respons- 
ible for the elastic scattering of the pion, o describes on the contrary the 
dislocation of a nucleon from the Fermi sphere by inelastic scattering of the 
pion or dislocation of 2 or more nucleons by absorption of the pion. If the 
model is true, at least qualitatively, it would be possible to reduce essentially 
the whole phenomenology to the three kinds of phenomena outlined above. 
Tt must be taken into account also in the elastic scattering of the contribution 
of coulomb scattering and of shadow scattering. In what follows we would 
like to analize the experimental situation with this model in mind and referring 
generally to the pions in flight. 
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An elastic scattering of a pion by a nucleus is usually defined as a scattering 
in which the loss of energy of the pion is less than a certain value fixed, more 
or less, by the precision of the energy measurements. For pions of moderate 
energy this value is defined by a fractional loss 4H#/# less than 0.15. With 
this cut-off BERNARDINI and coworkers [8] have found elastic scatterings of 
more than 40° both of positive and of negative pions in the energy range from 
30 to 110 MeV, with a frequency higher than it would be expected on the basis 
of Rutherford scattering only. 

LEDERMAN and coworkers [9] with a cloud chamber in a magnetic field 
were able to give a differential cross-section for elastic scattering in Carbon 
of both positive and negative pions of 62 MeV. These differential cross-sections, 
shown in Fig. 5, after the rapid decrease at very small angles, characteristic 
of the Rutherford scattering exibit a minimum at ~ 90° and a subsequent 
increase in the backward direction. 

Our group [10] found in p.p. a similar behaviour for pions in the energy 
range 50-80 MeV. Now the existence of elastic scattering at great angles can 


1000 1000 


+ È E er jal scattering 
i cross section ( 9) sz 
1 “mesons on carbon 
(cloud chamber) 


dil ferential scattering 
CTOSSÌ ‘section [pv 
a mesons on charbon 


: & 
d 8 rr mesons 
te È 
5 è inelastic scattering Re = (st mesons 
nH 
Di 00 elastic scattering] L + 2 1 
(sj 
S t L 2 
È 3 È 
PS 
dé Ss | Z 
oa 
g 10 3 a : 
8 S PE E 
es d il tT 
= È 
s d 
1,0 1,0 È 
0 30 60 90 120 150 180 0 30 60 90 120 150.180 
scattering angle scattering angle 
Fig. 5. Fig. 6. 


be phenomenologically attributed to a real potential acting on the pion; in 
addition to this the experience of LEDERMAN on light elements shows an inter- 
ference pattern in the differential cross-section for positive pions which is 
indicative, not only of the existence of this potential but also of his sign. 
More precisely the destructive interference for positive pions means that the 
sign of V is negative. 

But while the behaviour of the differential cross-section for elastic scat- 
tering in the forward direction can be easily interpreted in terms of scattering 
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by a Coulomb+complex potential, the increase in the backward direction is 
hardly understandable in terms of any potential of ordinary forces which we 
can expect to result from the contribution of all-nucleons; in other words it 
is not in agreement with the optical model of the nucleus. There is the pos- 
sibility that owing to the peculiar kind of interaction existing between meson 
and nucleon the scattering by a nucleus be quite different from the scattering 
from a «lump» of matter defined simply by a complex potential of ordinary 
forces [11], and it may happen also that this depend from the assumed cut-off. 
More precisely it may happen that, in agreement with the assumed cut-off, 
some of the scatterings classified as elastic are on the contrary inelastic but 
with very small energy transfer to the nucleus and due to the scattering inside 
the nuclear matter of the pion on one nucleon mouving against it in such a 
way that the momenta of the pion and of the nucleon are nearly equal and 
opposite. As we shall see later both possibilities must be invoked. 

BERNARDINI and coworkers [8] have found the existence of strong inelastic 
scatterings i.e. of scatterings with great energy loss both for positive and for 
negative pions. i 

LEDERMAN and coworkers [9] also have observed similar events in Carbon 
and our group has collected many informations on this subject at various 
energies. It seems worthwhile to analize these inelastic scatterings as a 
function of the fractional loss of energy; the inelastic scatterings appear 
to be distributed over the whole range of AH/E for the negative pions, while 
for the positive pions the extremely large losses (AH#/H > 0.85) are absent. 
A Montecarlo calculation [10] of scattering of pions against individual nu- 
cleons inside the nuclear matter shows that, if proper account is taken of 
the relative motion of pion and nucleon, of the variation of the cross section 
with energy, of the Pauli principle and so on, it is possible to obtain a 
satisfactory interpretation of the so called inelastic scattering as meson- 
nucleon scattering inside nuclear matter with dislocation of the nucleon from 
the Fermi sphere. Better agreement is found when we introduce a real po- 
tential V of the order of magnitude (~10 MeV) required by the interference 
effect observed in elastic scattering. In agreement with experiments, the 
angular distribution of inelastic scattering shows that backward scattering is 
dominant, owing to the characteristics of the meson-nucleon scattering and 
to the reabsorption. Only a few scatterings can be attributed, in this energy 
region, to a double scattering, in agreement with an estimate that can be made 
on the basis of the total meson-nucleon cross-section.. 

The differences in the scattering of positive and negative pions, for extre- 
mely large losses can really be attributed [8] to an effect of Coulomb barrier, 
and there are also a few scatterings present. with very small loss of energy. 
It seems however that these inelastic scatterings with very small loss of energy 
are not enough in number to represent the whole backward tail of the diffe- 
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rential cross-section for elastic scattering, that must be thought therefore, 
at least in part, as real and coming out from true elastic scattering. We are 
not yet in a position to analize these phenomena in greater detail; it seems 
however that the general features are of the kind outlined above, but there is 
still the possibility that some more complicated phenomena may occur. 

By absorption one designates usually the disappearence of the pion, but 
we mean here specifically only the real absorption by a group of nucleons 
with distribution of the total energy of the pion among these nucleons in form 
of kinetic energy. Phenomena of charge exchange inside the nuclear matter, 
which look like an absorption, are better classified as inelastic scatterings. 
They are however a small percentage of the true absorption [3]. Now from 
the comparison of the absorption of positive and negative pions in flight [8-10] 
it appears that all absorption can be reduced to a primary act performed by 
a pair of nucleons; more precisely by a proton-neutron pair. 

This seems to be true also for the absorption of negative pions at rest, bound 
to the nucleus, since a calculation [12] has shown that a good agreement 
with the experimental situation of the capture of x by heavy elements is 
obtained precisely under this assumption. Also the capture of 7- at rest in 
He shows similar results [13]. 

So one feels entitled to conclude that, in the great majority of cases at 
least, the absorption of pions inside the nuclear matter is due to a proton- 
neutron pair which substantially divide the meson energy and momentum 
among themselves. 

‘ We do not discuss here the theoretical implications of this results, but we 
note only that it is in agreement with what we have learned about the meson- 
nucleon interaction from the scattering experiments; it is so easy to under- 
stand that for a negative pion for instance, the interaction with a proton 
neutron pair will be greater tham with a proton-proton pair, because of the 
much greater interacticn of the negative pion ee the neutron than with 
the proton. 

We note also that a mean free path in nuclear matter between 27, and 37% 
for all inelastic processes for pions of moderate energy is consistent with 
experiments. 

In the following Table we have collected and listed mean free paths for 
the various kinds of phenomena as they appear in photographic plates; 
the situation is not completely satisfactory also from the point of view of the 
statistical precision and much work must be done in ordertoimprove it. Note 
that there is a systematic difference in the cross-section for all inelastic pro- 
cesses for c+ and 7, that can be attributed, in part at least to Coulomb effect 
[8] and in part, probably, to an isotopic effect on inelastic scattering. 
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